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ELRNHPLMD LQ ELRORãND DNWLYQRVW VHNXQGDUQLK PHWDEROLWRY VR ELOH QDMYHþNUDW SUHXþHYDQH 
individualno, na ravni HQHVSRMLQH1DSUHGHNSULGRORþDQMX]DSRUHGMDJHQRPRYWHUUXGDUMHQMX]D
VHNXQGDUQLPLPHWDEROLWLMHRPRJRþLOGDGDQHVUXWLQVNRQDMGHPR!JHQVNLKJUXþ]DVHNXQGDUQH
PHWDEROLWH Y YVDNHP JHQRPX YHQGDU SD VODER UD]XPHPR VWUDWHãNL SRPHQ LQ GHORYDQMH WHJD
veOLNHJDDU]HQDOD 
3R RGNULWMX VLJQDOL]LUDQMD SUHNR NRPSOHNVRY 725 VH MH UDSDPLFLQ L]ND]DO NRW QHSRJUHãOMLYR
RURGMH WDNR SUL UD]LVNDYDK FHOLþQH ELRORJLMH NRW Y NOLQLþQLK DSOLNDFLMDK 0HG UD]LVNDYDPL
VHNXQGDUQHJD PHWDERORPD SURGXFHQWD UDSDPLFLQD Streptomyces rapamycinicus, smo opazili 
DNXPXOLUDQMHGYHKVSRMLQNL VWDQHVRURGQLGRVHGDMRSLVDQLPVHNXQGDUQLP metabolitom iz tega 
organizma. 'RORþLWHYVWUXNWXUHMHUD]NULOD, GDJUH]DDNWLQRSODQVNRNLVOLQR$LQQMHQGH]metilni 
analog. $NWLQRSODQVNH NLVOLQH VR biOH L]ROLUDQH VUHGL  OHW LQ RNDUDNWHUL]LUDQH NRW PRþQL LQ
VHOHNWLYQL LQKLELWRUML5DV SURWHLQ-farnezil transferaz, vendar pa so RVWDOH QHUD]LVNDQH Y smislu 
njihovega biosinteznega izvorD .HPLMVND zgradba WHK SROLNHWLGRY YVHEXMH L]MHPQR UHGNR
WULNDUEDOLOQR VNXSLQR NL MR GDQHV ODKNR QDMGHPR VDPR ãH QD HQHP VHNXQGDUQHPPHWDEROLWX
JOLYQHP WRNVLQX IXPRQL]LQX3UL WHPVRDNWLQRSODQVNHNLVOLQHHGLQVWYHQHãHY WHPGDSULQMLK
WULNDUEDOLOQDVNXSLQDWYRULGYRMQL ODNWRQ]GHORPSROLNHWLGQHYHULJH 
Z rudarjenjem gHQRPD LQ V SRPRþMR XQLNDWQH VWUXNWXUH WHK VSRMLQ VPR RGNULOL JHQVNR JUXþR, 
RJRYRUQR]DELRVLQWH]RDNWLQRSODQVNLKNLVOLQ6SRPRþMRPROHNXODUQLKRURGLM CRISPRNLVPRMLK
razvili za ta organizem, LQELRLQIRUPDWVNLKQDSRYHGLVPRGRORþLOLELRVLQWH]QRSRWDNWLQRSODQVNLK
NLVOLQ7RMHSUYLEDNWHULMVNLSULPHUYJUDGQMHUHGNHWULNDUEDOLOQHVNXSLQHYVHNXQGDUQLPHWDEROLW
1DãLUH]XOWDWLNDåHMRGDVHSROLNHWLGQRMHGURWHKVSRMLQDFLOLUDSUHNRQHWLSLþQHJD formiranja estra 
VSRPRþMRSHSWLGQHVLQWHWD]HVVRþDVQRUHGXNFLMRDNRQLWLOQHJD]DþHWQHJDEORND9SOHWHQLHQFLPL
so fLORJHQHWVNRRGGDOMHQLRd GUXJLKSULPHURYSHSWLGQLKVLQWHWD]NLWYRULMRHVWUHYNOMXþQRVWLVWLPL
NL VRGHOXMHMRYELRVLQWH]L IXPRQL]LQRY Zanimivo je, da sta se NOMXE UHGNLNHPLML LQSRGREQLP
biosinteznim principom obe poti verjetno razvili neodvisno.  
3UHNRUD]LVNRYDQMDELRVLQWH]QHSRWL]DDNWLQRSODQVNHNLVOLQHVPRRSD]LOLGD VHJHQVNLJUXþL]D
UDSDPLFLQWHUDNWLQRSODQVNHNLVOLQHEUH]L]MHme so-nahajata na genomih treh znanih producentov 
UDSDPLFLQD 7R MH YRGLOR Y RGNULWMH VLQHUJLVWLþQH SURWLJOLYQH DNWLYQRVWL WHK GYHK VHNXQGDUQLK
PHWDEROLWRY 6LQHUJLMD LQ NRPSOHPHQWLUDMRþH GHORYDQMH Y VYHWX VHNXQGDUQLK PHWDEROLWRY VWD
SR]QDQD åH YHþ GHVHWOHWLM YHQGDU VR WL SRMDYL RVWDOL Y YHOLNL PHUL QHL]NRULãþHQi. Rudarjenje 
JHQRPRY]DHYROXFLMVNRRKUDnjeno so-QDKDMDQMHJHQVNLKJUXþ bi zelo verjetno pripeljalo do novih 
nizov VHNXQGDUQLKPHWDEROLWRYNLGHOXMHMRQDYHþWDUþSULªVRYUDåQLNX©7DNLSULPHULODKNRVOXåijo 
NRWQDþUW]DUD]YRMQRYLKNRPELQDFLMVNih terapij v medicini. 
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ABSTRACT 
Actinobacteria possess an incredible wealth of pathways for production of bioactive compounds. 
*enetics, biochemistry and biological activity of natural products have most often been studied 
on a single compound level. Following advances in genome mining, over 50 natural product gene 
clusters are routinely found in each genome, however the modus operandi of this large arsenal is 
poorly understood.  
After the discovery of TOR signaling, rapamycin has proven an invaluable asset for cell biology 
research, as well as clinical application. During investigations of the secondary metabolome of its 
producer, Streptomyces rapamycinicus, we have observed accumulation of two compounds never 
before reported from this organism. Structural elucidation revealed actinoplanic acid A and its 
novel desmethyl analogue. Actinoplanic acids have been left unexplored in their biosynthetic 
origin after the initial isolation and characterization of their potent and selective Ras farnesyl-
SURWHLQ WUDQVIHUDVH LQKLELWRU )7, DFWLYLW\ LQ HDUO\ V 7KH VWUXFWXUH RI WKHVH SRO\NHWLGHV
contains an extremely rare tricarballylic moiety, presently found only on one other natural product, 
the fungal toxins fumonisins. In addition, the actinoplanic acid is unique in having one of the 
WULFDUEDOO\OLFJURXSVFORVLQJDSDUWRIWKHSRO\NHWLGHEDFNERQHLQWRDGRXEOH-ester lactone. 
6XSSRUWHG ZLWK WKH XQLTXH VWUXFWXUH RI WKHVH SRO\NHWLGHV ZH KDYH LGHQWLILHG D JHQH cluster 
responsible for their biosynthesis through genome mining. Using CRISPR genome editing tools, 
which we developed for this organism, and the power of bioinformatic functional prediction, we 
have outlined the actinoplanic acid biosynthetic pathway, the first bacterial example of a pathway 
incorporating the rare tricarballylic moiety into a natural product. We show that the core 
SRO\NHWLGHLVDF\ODWHGZLWKWULFDUEDOO\ODWHE\DUDUHDW\SLFDO1536-catalyzed ester formation. The 
proteins involved are phylogenetically distant to other examples of ester-forming NRPS, including 
those LQYROYHG LQ WKH IXPRQLVLQSDWKZD\6WULNLQJO\GHVSLWH WKHH[WUHPHO\ UDUH FKHPLVWU\DQG
similar biosynthetic principles, the two pathways seem to have evolved independently. 
Finally, through exploration of the actinoplanic acid pathway, we have observed that actinoplanic 
acid and rapamycin clusters are without exception co-localized in the genomes of their hosts. This 
led to discovery of synergistic antifungal activity of actinoplanic acid A and rapamycin. Synergism 
and contingency in the big arsenal of secondary metabolites have been foreseen for decades, 
however their teachings are vastly underexploited. Mining for such evolutionary conserved co-
harboring of pathways would OLNHO\ UHYHDO IXUWKHU H[DPSles of secondary metabolite sets, 
DWWDFNLQJPXOWLSOHWDUJHWVRQWKHVDPHIRH7KHVHFDQWKHQVHUYHDVDJXLGDQFHIRUGHYHORSPHQWRI
new combination therapies. 
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OKRAJŠAVE IN SIMBOLI 
13C-NMR QXNOHDUQDPDJQHWQDUHVRQDQFDRJOMLND 
1H-NMR SURWRQVNDPDJQHWQDUHVRQDQFD 
ACP acil-SUHQDãDOQLSURWHLQangl. acyl carrier protein) 
AK DPLQRNLVOLQDDPLQRNLVOLQVNL 
AT acil-transferaza 
ATCC DPHULãND]ELUNDWLSVNLKNXOWXUangl. American Type Culture Collection) 
ATP adenozin-5'-trifosfat 
bp bazni par 
CCR NURWRQLO-&R$UHGXNWD]Dangl. crotonyl-CoA reductase) 
CoA NRHQFLP$ 
CRISPR VNXSHNNUDWNLKSDOLQGURPVNLKSRQRYLWHY QDUHGQLUD]GDOMLangl. Clustered 




DNA GHRNVLULERQXNOHLQVNDNLVOLQD angl. deoxyribonucleic acid) 
ECM etilmalonil-&R$angl. ethylmalonyl-CoA) 
ER HQRLOUHGXNWD]D 
ESI ionizacija z naeOHNWUHQLPFXUNRPangl. electrospray ionization) 
ĭ%7 EDNWHULRIDJ%7 
ĭ& bDNWHULRIDJ& 
FKBP FK-506 vezavni protein 
FTI inhibitor farnezil transferaze angl. farnesyl transferase inhibitor) 
*& GHOHåJYDQLQD in citozina 
*73D]D hidrolaza gvanozin-trifosfata 
HRMS masna spHNWURPHWULMDYYLVRNL ORþOMLYRVWLangl. high resolution mass 
sprectrometry) 
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MS masna spHNWURPHWULMDVSHNtrometer 
NAD QLNRWLQDPLG-adenin-GLQXNOHRWLG 
NMR QXNOHDUQR-magnetna resonanca 
NRPS SHSWLGQDVLQWHWD]Dangl. nonribosomal peptide synthetase) 
NRRL Northern Regional Research Laboratory 
PAM protospacer-adjacent motive 
PCP peptidil-SUHQDãDOQLSURWHLQangl. peptidyl carrier protein) 
PCR YHULåQDUHDNFLMDVSROLPHUD]R 
PKS SROLNHWLGQDVLQWD]D angl. SRO\NHWLGHV\QWKDVH 
qPCR NYDQWLWDWLYQDYHULåQDUHDNFLMDVSROLPHUD]R 
RBS PHVWRYH]DYHULERVRPDangl. ribosome binding site) 
RiPP PRGLILFLUDQLSHSWLGLULERVRPDOQHJDL]YRUDangl. ribosomally synthesized and 
post-translationally modified peptides) 
RNA ULERQXNOHLQVNDNLVOLQD angl. ribonucleic acid) 
SAM S-adenozil-metionin
SARP streptomyces antibiotic regulatory protein
sgRNA RNA YRGQLFDangl. single-guide RNA)




w.t. divji WLSangl. wild type)
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$NWLQREDNWHULMHSUHGVWDYOMDMR HQRQDMYHþMLK WDNVRQRPVNLK HQRW ]QRWUDM GRPHQHEDNWHULM6RSR
*UDPXSR]LWLYQHnitaste EDNWHULMH]JHQRPL, ]DNDWHUHMH]QDþLOHQYLVRN GHOHåJYDQLQDLQcitozina 
*&) [1]. 9HþLQRPDVRDHUREQLPH]RILOQLRUJDQL]PLs heterotrofnim metabolizmom in ODKNR
uporabljajo ãLURN VSHNWHU KUDQLO ýHSUDY PHG QMLPL QDMGHPR WXGL SDWRJHQH Mycobacterium, 
Corynebacterium, Nocardia) ter NRPHQVDOH NRåH LQ SUHEDYQHJD WUDNWD Bifidobacterium, 
Propionibacterium), SDYHOLNRYHþLQRSR]QDQLKDNWLQREDNWHULMVNLKYUVWSUHGVWDYOMDMRSURVWRåLYHþL
VDSURILWVNLRUJDQL]PLY]HPOMLYRGQLKRNROMLKDOLYDVRFLDFLML]UDVWOLQDPL [2, 1]. =DUDGLVSHFLILNH
RNROMD, Y NDWHUHP åLYLMR, MH WD VNXSLQD EDNWHULM UD]YLOD svojevrstno biologijo. Ta VH NDåH Y
NRPSOHNVQHP åLYOMHQMVNHP FLNOX ] PRUIRORãNR GLIHUHQFLDFLMR LQ VSRUXODFLMR, pa tudi v 
NRPSOHNVQHP PHWDEROL]PX NL MH VSRVREHQ UD]JUDGQMH LQ XSRUDEH QHYHUMHWQR ãLURNH SDOHWH
RUJDQVNLKPROHNXO [2]. ZDUDGLSURGXNFLMHãWHYLOQLKNDWDEROnih ]XQDMFHOLþQLKHQFLPRY v PDUVLþHP
spominjajo na nitaste glive in PLNVREDNWHULMH, in imajo zato pomembno vlogo pri HNRORJLMLWDO [1]. 
(QD QDMEROM SUHSR]QDQLK ODVWQRVWL DNWLQREDNWHULM MH QMLKov bogati VHNXQGDUQL PHWDEROL]HP 
$NWiQREDNWHULMH QDPUHþ SURL]YDMDMR izredno UD]QROLNe ELRDNWLYQe PROHNXOe NL GHOXMHMR SURWL
NRQNXUHQþQLP organizmom Y ERMX ]D KUDQLOD LQ åLYOMHQMVNL SURVWRU [1] 5D]PDK UD]LVNRYDQMD
DNWLQREDNWHULMVNHJDVHNXQGDUQHJDmetabolizma VHMH]DþHOOHWDNRMHELORGNULWDNWLQRPLFLQ
SUHGYVHP SD OHWD  NR MH ELO RGNULW VWUHSWRPLFLQ SUYL XþLQNRYLW DQWLELRWLN ]D ]GUDYOMHQMH
WXEHUNXOR]H [3]. ,]MHPHQSRPHQRGNULWMDQHNDWHULK VHNXQGDUQLKPHWDEROLWRY, NL MLKSURL]YDMDMR
DNWLQREDNWHULMH, VHRGUDåDWXGLY YHþ1REHORYLKQDJUDGDK]DPHGLFLQR [4]. 3ULEOLåQRGYHWUHWMLQL
YVHK DQWLELRWLNRY MH DNWLQREDNWHULMVNHJD L]YRUD [5]. $QWLELRWLNL SD SUHGVWDYOMDMR VDPR majhno 
VNXSLQRPHGVHNXQGDUQLPLPHWDEROLWLDNWLQREDNWHULM. PROHJXELMDQMDDOLLQKLELFLMHNRQNXUHQþQLK
PLNURorgaQL]PRY VL DNWLQREDNWHULMHz njimi pomagajo tudi pri ]DJRWDYOMDQMX NRYLQVNLK LRQRY
PQRJLSD VR WRNVLþQL WXGL åLYDOLP LQ UDVWOLQDP [3]. Do danes je bilo RNDUDNWHUL]LUDQLK YHþNRW
23.000 PLNUREQLKVHNXQGDUQLKPHWDEROLWRYYHOLND YHþLQDDNWLRQREDNWHULMVNLKSULþHPHUSDsmo 
glede na spoznanja, NLMLKSULQDãDUD]PDKJHQRPLNH LQPHWDJHQRPLNH, RGNULOLãHOHPDMKHQGHOþHN 
SRWHQFLDOQRNRGLUDQLKVSRMLQ [6]. Znotraj razreda Actinobacteria WDNRQDMGHPRSUHGVWDYQLNHNLVR
]HOR SR]QDQL SR SURGXNFLML DQWLELRWLNRY LQ GUXJLK PHGLFLQVNR SRPHPEQLK VHNXQGDUQLK
metabolitov NRW so na primer Micromonospora, Saccaropolyspora, Nocardia, Actinoplanes, 
Amycolatopsis, Actinomadura, Salinispora ter predvsem Streptomyces [2]. $NWLQREDNWHULMHWXGL 
daneVYHOMDMR]DQDMYHþMLSRWHQFLDOQLYLUpri RGNULYDQMXbiRDNWLYQLKVHNXQGDUQLKPHWDEROLWRv in še 
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posebej QRYLK DQWLELRWLNRY [7]. Slednji so zaradi vse višje pojavnosti multi-rezistentnih 
EDNWHULMVNLKSDWRJHQRYHGHQRGNOMXþQLKWHUDSHYWVNLKL]]LYRYYEOLåQMLSULKRGQRVWL[8]. 
.RPSOHNVHQåLYOMHQMVNL FLNel, ]PRJOMLYNDWDEROL]HPWHUVHNXQGDUQLPHWDEROL]em DNWLQREDNWHULMSD
zahtevajo YHOLN JHQRP *HQRPL SURVWRåLYHþLK DNWiQREDNWHULM QSU S. rapamycinicinicus, 12,7 
Mbp) sR]DWRODKNRQHNDMNUDWYHþMLRGtistih, NDWHULKåLYOMHQMVNR RNROMHQH]DKWHYa WDNRNRPSOHNVQH
biologije QSU Tropheryma whipplei, 0.93 Mbp) [9, 10]. 3RJRVWR VR JHQRPL DNWLQREDNWHULM
linearni, doGDWQRSDODKNRYVHEXMHMROLQHDUQHDOLNURåQHSOD]PLGHSULþHPHUQHNDWHULpresegajo 
YHOLNRVWL PDQMãLK EDNWHULMVNLK JHQRPRY 1,8 Mbp) [11]. .RPSOHNVQo je tudi uravnavanje 
åLYOMHQMVNHJD FLNOD NL VH QDMYHþNUDW XVNODMXMH s SRJRML RNROMD Tu se medsebojno prepletajo 
pleiotropQL JOREDOQL uravnalni VLVWHPL NRW VR UD]OLþQL NDWDEROQL RG]LYL UD]OLþQL odgovori na 
VWUHVQHIL]LNDOQHSRJRMHRG]LYLQD ]D]QDYDQMHFHOLþQHJRVWRWH]D]QDYDQMH inhibitornih substanc v 
RNROMX itd. [1, 12]6SHFLILþQLUHJXODWRUMLSRWHPXUDYQDYDMRposamezne procese NRWVRSULODJRGLWYH
YSULPDUQHPPHWDEROL]PXSULODJRGLWYHYPROHNXODUQLKSURFHVLKL]ORþDQMHNDWDEROQLKHQFLPRY
ter siVWHPRY]DYQRVUD]OLþQLKKUDQLOLQ PRUIRORãNDGLIHUHQFLDFLMDVVSRUXODFLMRQD]DGQMHSDWXGL
SURGXNFLMR VHNXQGDUQLK PHWDEROLWRY 7XGL VSHFLILþQH UHJXODWRUQH SRWL VR SRJRVWRPHGVHERMQR
prepletene neodvisno od pleiotropnih mehanizmov [1, 12].  
1.2. Sekundarni metaboliti aktinobakterij 
6HNXQGDUQLPHWDEROLWLVRSURGXNWi FHOLþQHJDPHWDEROL]PDNLQLVRQXMQRSRWUHEQL]DUDVWUD]YRM
LQ UD]PQRåHYDQMH RUJDQL]PD 1MLKRYH IXQNFLMH VR ODKNR ]HOR UD]OLþQH VNXSQR SD MLP MH GD
SURGXFHQWX]DJRWDYOMDMRNRQNXUHQþQRSUHGQRVWSULERMu za hranila, åLYOMHQMVNLSURVWRUSDWXGL]D
RURåMH LQ obrambo pUHG QDSDGL NRQNXUHQþQLK RUJDQL]PRY [2]. Razpon naravnih ELRORãNLK
DNWLYQRVWL VHNXQGDUQLK PHWDEROLWRY WDNR SUHNR ]HOR UD]QROLNLK PHKDQL]PRY obsega 
SURWLEDNWHULMVNR, protiglivno LQVHNWLFLGQo, herbicidno in protiparazitno delovanje [2, 6]. 
$NWLQREDNWHULMHSURWLVYRMLPQDUDYQLPWDUþDPGHOXMHMR]]HORUD]QROLNLPL strategijami, NDUODKNR
s pridom L]NRULãþDmo v WHUDSHYWVNH QDPHQHNLQLVRnujno povezani z naravno vlogo VHNXQGDUQLK
metabolitov. V tem smislu se ti XSRUDEOMDMR NRW LRQRIRUML, LQKLELWRUML HQFLPRY Y UD]OLþQLK
metabolnih poteh ali inhibitorji v HYNDULRQWVNLKVLJQDOQLKSRWHK [6, 13].  
.HPLMVNH]JUDGEH sHNXQGDUQLh metabolitov so izjemno pestre LQNRPSOHNVQH. 6OLND1 SULND]XMH
QHNDM SULPHURY NHPLMVNLK VWUXNWXU DNWLQREDNWHULMVNLK VHNXQGDUQLK PHWDEROLWRY 3ROHJ RSD]QH
UD]OLNHYYHOLNRVWLNXPDULQ'DGDSWRPLFLQ'DMH]DQMH]QDþLOQRYHOLNRãWHYLOo stereo-
VSHFLILþQLK FHQWURY LQ V WHP YHOLND VWHUHR-NHPLMVND NRPSOHNVQRVWPROHNXO [6]. Med do sedaj 
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*UDGQLNL ]D VHNXQGDUQH PHWDEROLWH ODKNR prihajajo neposredno iz primarnega metabolizma, 
YHOLNRNUDWSDVRnjihovi JUDGQLNLQHQDYDGQHVSRMLQHNRWQDSULPHUQHSURWHLQRJHQHDPLQRNLVOLQH
DOL PRGLILFLUDQL LQWHUPHGLDWL L] VLQWH]H PDãþREQLK NLVOLQ [14, 15] 9 VNODGX ] UD]QROLNRVWMR
NHPLMVNLK VWUXNWXU VR WXGL ELRNHPLMVNL PHKDQL]PL SUL VLQWH]L VHNXQGDUQLK PHWDEROLWRY ]HOR
Slika 1. Raznolikost kemijskih struktur sekundarnih metabolitov aktinobakterij. Med prikazanimi spojinami 
ODKNR QDMGHPR SROLNHWLGH SHSWLGH QHULERVRPDOQHJD L]YRUD SROLHWUH JOLNR]LGH OLSLGH LQ ȕ-laktame. 
Povzeto po Katz s sod. [6]. 
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UD]QROLNi]DWRVRWXGLHGHQJODYQLKYLURYHQFLPVNLKDNWLYQRVWL]DDSOLNDFLMRYUD]YRMu HQFLPVNLK
VLQWH]QLKSRVWRSNRYWHUXPHWQLKELRVLQWH]QLKSRWL [16].  
9HOLN GHO ]QDQLK VHNXQGDUQLK PHWDEROLWRY DNWLQREDNWHULM VLQWHWL]LUDMR ªPHJDVLQWD]H©. *UH ]D
SROLNHWLGQH VLQWD]H PKS), peptLGQH VLQWHWD]H 1536 LQ QMLKRYH KLEULGH. To so modularni 
HQFLPVNL NRPSOHNVL NL WLSLþQR GHOXMHMR NRW WHNRþL WUDNRYL ]D SRGDOMãHYDQMH YHULJH 6OLND 2). 





vsebuje zgolj GRPHQR ]D DNWLYDFLMR R] WLRHVWHUVNR YH]DYR JUDGQLND SUHQDãDOQL SURWHLQ LQ
NRQGHQ]DFLVNRVLQWD]QR domeno [18, 19]. 3UL 1536 VH SRGDOMãHYDOQL JUDGQLNL DNWLYLUDMR V
SRPRþMRDGHQLODFLMVNHGRPHQHSUL3.6SDYVWRSDMR åHDNWLYLUDQLJUDGQLNL, WLRHVWHUVNRYH]DQLQD
CoA ali ACP, in se samo prenesejo na prenašalni protein v PKS modulu [18, 19] .   
3RJRVWRSDPRGXOLYVHEXMHMRGRGDWQHNDWDOLWLþQHGRPHQH za UHGXNWaze, epimeraze, metilaze in 
nenazadnje tioesteraze [18, 19, 20]6OHGQMHVSURVWLMRSURGXNWPHJDVLQWD]H, in sicer SUHNKLGUROL]H
Slika 2. Prikaz funkcije modulov PKS pri sintezi poliketidnega jedra eritromicina. A: Geni za modularno 
PKS v eritromicinski biosintezi (DEBS1- VSULND]RPPRGXODUQH ]JUDGEH WHUSRVDPH]QLK NDWDOLWLþQLK
domen v modulih. Prikazana je tudi postopna izgradnja poliketidnega jedra eritoromicina. Slika je povzeta 
po Meier in Burkart [17]. B: Shematski prikaz kvartarne strukture dveh modulov PKS za eritromicin. Slika 
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WLRHVWHUVNHYH]LV prenašalnim proteinom, NLVHQDKDMDY ]DGQMHPPRGXOX3RJRVWRWDSURFHVSRWHND
V VRþDVQR FLNOL]DFLMRPROHNXOH YPDNURODNWRQ [17, 21] 3URGXNWLPHJDVLQWD] YHþLQRPD tvorijo 
]JROMPROHNXODUQD MHGUDNRQþQLKVHNXQGDUQLKPHWDEROLWRY/H-ta VHQDPUHþSUDYLORPDGRGDWQR
RNUDVLMR ] UD]OLþQLPL SURFHVL NRW VR RNVLGDFLMD halogeniranje, prenilacija, metilacija, acilacija, 
JOLNR]LODFLMDLWG3RJRVWRãHOHWHVWRSQMHUH]XOWLUDMRYELRORãNRDNWLYQLPROHNXOL[22]. 
*HQL]DELRVLQWH]RVHNXQGDUQLKPHWDEROLWRYVRSULDNWLQREDNWHULMDKYHOLNRNUDW YREOLNLJHQVNLK
JUXþNLODKNR, NDGDUNRGLUDMRPHJDVLQWD]HGRVHJDMRYHOLNRVWLSUHNRNEPraviloma JHQVNH 
JUXþHNRGLUDMRYVHSRWUHEQHIXQNFLMHNRWVR]DJRWDYOMDQMHRVQRYQLKJUDGQLNRYJODYQLELRVLQWH]QL
encimi, samo-UH]LVWHQWQLJHQLWUDQVSRUWHUMLLQUHJXODWRUMLHNVSUHVLMHELRVLQWH]QHSRWL [23]. Obstoj 
]GUXåHYDQMDJHQRY]DELRVLQWH]RVHNXQGDUQLKPHWDEROLWRYYJUXþHMHRPRJRþLOLQãHGDQHVODMãD
pristope rudarjenja genomov [24].  
1.3. Odkrivanje novih sekundarnih metabolitov 
Tradicionalno RGNULYDQMH QRYLK VHNXQGDUQLK PHWDEROLWRY YHþLQRPD SRWHND z individualno 
REUDYQDYR RUJDQL]PRY Y ELRORãNLK WHVWLK DOL ] QDNOMXþQLPL RGNULWML QRYLK VXEVWDQF v 
ODERUDWRULMVNLKNXOWXUDKPLNURRUJDQL]PRY[6]7XGLGDQHVNODVLþQe presejalne platfoUPH]DLVNDQMH
QRYLKVHNXQGDUQLK metabolitRYYNOMXþXMHMR NXOWLYDFLMo YHOLNLK]ELUNDNWLQREDNWHULMVNLKYUVW3UL
WHP HNVWUDNWe NXOWXU DQDOL]LUDMR ] QDSUHGQLPL PHWRGDPL 83/& NL VR SRYH]DQH ] UD]OLþQLPL
VSHNWRPHWUL8906,5UDPDQLWG1RYe ]DGHWNHVHNXQGDUQLKPHWDEROLWRYde-UHSOLFLUDMRSUHNR
SULPHUMDYHVSHNWUDOQLKODVWQRVWL]]DSLVLL]REVHåQHSRGDWNRYQH]ELUNHVSHNWURYQDUDYQLKVSRMLQ
9]SRUHGQR VH L]YDMDPLNURIUDNcionacija NURPDWRJUDIVNHJD L]WRND IUDNFLMH SD VH XSRUDELMR ]D
SUHVHMDOQH WHVWH ELRORãNH DNWLYQRVWL QD REVHåQL ]ELUNi modelnih testov. Kandidate NL XVWUH]DMR
vsem zahtevam v presejalnih testih, SRWHPRNDUDNWHUL]LUDMR individualno YYHþMHPPHULOXPhilipp 
Krastel, NIBR, %D]HOâYLFD*UH]DNRPSOHNVQHLQGUDJHSODWIRUPHNLSDVHODKNRGRWDNQHMR
VDPRRPHMHQHJDãWHYLODVHNXQGDUQLKPHtabolitov.  
Predvideva se QDPUHþGD MHYHOLNRãWHYLORJHQVNLKJUXþ]DVHNXQGDUQHPHWDEROLWHYGRORþHQLK
IL]LRORãNLKSRJRMLKQHDNWLYQLK.OMXEWHPX, da JHQRPLDNWLQREDNWHULM NRGLUDMRYHþdeset JHQVNLK
JUXþ ]D VHNXQGDUQH PHWDEROLWH, jih posamezna vrsta Y GRORþHQLK razmerah JRMHQMD QDHQNUDW
SURGXFLUD OH QHNDM [25, 6] 3ROHJ WHJD QDP SULVWRSL PHWDJHQRPLNH NDåHMR GD JRVWLWHOMHY
RJURPQHJDGHODJHQVNHJDSRWHQFLDOD]DVHNXQGDUQHPHWDEROLWHQH]QDPRJRMLWLYODERUDWRULMX [26]. 
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Zaradi naštetega, VR VH PRþQR XYHOMDYLOL SULVWRSL UXGDUMHQMD JHQRPRY DOL PHWDJHQRPVNLK
SRGDWNRYQLK]ELUN]DJHQVNH JUXþe, NLNRGLUDMR VHNXQGDUQHPHWDEROLWH [27]. V zadnjem desetletju 
MHGRORþDQMH]DSRUHGMDJHQRPRYUazmeroma UXWLQVND LQGRVWRSQDPHWRGD [6]. Na voljo so tudi 
QDSUHGQLELRLQIRUPDWVNLDOJRULWPLNLODKNRSUHNRSULPHUMDQMD]DSRUHGLMJHQRY]]QDQLPLYQRVLY
SRGDWNRYQLK ]ELUNDK, QH VDPR LGHQWLILFLUDMR YHUMHWQH JHQVNH JUXþH ]D VHNXQGDUQH PHWDEROLWH
DPSDN FHOR SUHGODJDMR QMLKRYR YHUMHWQR NHPLMVNR zgradbo [28]. To velja predvsem za 
napovedovanje VWUXNWXU VHNXQGDUQLKPHWDEROLWRY, NLVHVLQWHWL]LUDMR]PRGXODUQLPLVLVWHPLNRWVR
SROLNHWLGQH VLQWD]H 3.6 LQ peptidne VLQWHWD]H 1536 DOL SDpost-tUDQVODFLMVNRPRGLILFLUDQL




sekundarne metabolite ene izmed SRGDWNRYQLKED]0,%L**UXþHVRUD]YUãþHQHJOHGHQDSRGREQRVWY
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Dobra napovedna PRþ pri LGHQWLILNDFLMi in analizi JHQVNLK JUXþ ]D 3.6 1536 LQ KLEULGH
3.61536 VORQL SUHGYVHP na modularnosti biosinteznih encimov za te PROHNXOH 9VDNHPX
modulu bioinformaWVNL DOJRULWPL QDMSUHM GRORþLMR sestavo na podlagi analize ohranjenosti 
NDWDOLWLþQLKGRPHQ. Nato se podrobneje analizirajo še VSHFLILþQHODVWQRVWLSRVDPH]QHNDWDOLWLþQH
domene. Te analize GHILQLUDMR QD SULPHU SUHIHULUDQR YUVWR SRGDOMãHYDOQHJD JUDGQLND ter tip 
UHGXNWLYQLKLQGUXJLKPRGLILNDFLMcelo YVPLVOXQDSRYHGLVWHUHRNHPLMH [29, 28]. Napovedovanje 
zgradbe ]D GUXJH WLSH VHNXQGDUQLK PHWDEROLWRY WUHQXWQR SRWHND predvsem na podlagi analize 
SRGREQRVWL ]DSRUHGLM REVWRMHþLKRNDUDNWHUL]LUDQLK HQcimov. (QDNRYHOMD ]DYVH WLSHQDNQDGQLK




silico napovedi, ãHSRPHPEQHMHSDWXGLSRYHþXMHQDERUSRYH]DYªIXQNFLMD-zaporedje DNA©NL
VRWHPHOMYVHKELRLQIRUPDWVNLKSULVWRSRY 
Pristopi rudarjenja genomov so razmeroma novi, vseeno pa MHåHOHSRãWHYLORSUHSR]QDQLKJUXþ 
SUHNR HNVSHULPHQWDOQHJD SUHYHUMDQMD SULSHOMDOR GR QRYLK RGNULWLM VHNXQGDUQLK PHWDEROLWRY ]
]DQLPLYLPLDNWLYQRVWPL [24]. KOMXEQDSUHGNXSULDlgoritmih za rudarjenje genomov in YHþDQMXGH-
UHSOLFLUDQLK SRGDWNRYQLK ED] SD MH ãH YHGQR QDMYHþMH R]NR JUOR LGHQWLILNDFLMD VHNXQGDUQih 
metabolitov in GRORþDQMH njihove ELRORãNHDNWLYQRVWL [30]. 3RJRM]DWHSURFHVHMHQDPUHþGRORþHQa 
PLQLPDOQDNROLþLQD VHNXQGDUQHJDPHWDEROLWDLQ]PRåQRVWL]RODFLMHle-tega RGRVWDOLKNRPSRQHQW
HNVWUDNWRYNXOWXUS NRPELQLUDQMHPPHWRGUXGDUMHQMDJHQRPRYLQWUDGLFLRQDOQHJDLVNDQMDQRYLK
VHNXQGDUQLK PHWDEROLWRY VLFHU L]EROMãDPR XþLQNRYLWRVW REHK SULVWRSRY, vendar se zavedno 
RGSRYHPRVHNXQGDUQLPPHWDEROLWRP NULSWLþQLK WLKLK WHUPHWDJHQRPVNLKJHQVNLKJUXþV teh 
primerih se moramo SRVOXåiti QDNOMXþQLK SULVWRSRY [31] ali JHQVNHJD LQåHQLULQJD z namenom 
EROMãHJD L]UDåDQMD [25] 3RJRVWL SULVWRSL VR ]DPHQMDYD SURPRWRUVNLK ]DSRUHGLM Y JHQVNL JUXþL
SRYHþDQR L]UDåDQMH SUHGYLGHQLK WUDQVNULSFLMVNLK DNWLYDWRUMHY Y JUXþL DNWLYDFLMD SOHLRWURSQLK
JOREDOQLKDNWLYDWRUMHYDOLSDKHWHURORJQRL]UDåDQMHY]a to razvitih gostiteljih [25]. Heterologno 
L]UDåDQMHMHVHYHGDHGLQDUHãLWHYYSULPHUXSUHXþHYDQMDJHQVNLKJUXþ, L]EUDQLKL]PHWDJHQRPVNLK
SRGDWNRY 
9VDNUãQD SRWUHED SR JHQVNHP LQåHQLULQJX SD PRþQR ]PDQMãD SUHWRþQRVW SODWIRUP ]D LVNDQMH
VHNXQGDUQLK PHWDEROLWRY VDM QH JRYRULPR YHþ R SUHVHMDOQLK WHVWLK, WHPYHþ R individualnih 
SURMHNWLKZato je nujno rangiranje oz. prioritizacija de-UHSOLFLUDQLKSRGDWNRYQLK]ELUN ]JUXþDPL
]DVHNXQGDUQHPHWDEROLWH [32]. .RWNULWHULM]DUDQJLUDQMHVHODKNRXSRUDELUD]OLþQRVWQDSRYHGDQH
VWUXNWXUH RG SR]QDQLK VXEVWDQF R] QRYRVW Y NHPLþQHP SURstoru, prisotnost zanimivih samo-
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UH]LVWHQþQLKPHKDQL]Pov DOLSULVRWQRVW]QDþLOQLKUHJXODWRUMHYL]UDåDQMD [24, 33, 32]. 9VDNRGWHK
pristopov LPD VYRMH SUHGQRVWL LQ VODERVWL 2E YHOLNHP ãWHYLOX JHQVNLK JUXþ ]D VHNXQGDUQH
PHWDEROLWH NL MLK MH SULQHVHO QDSUHGHN SUL GRORþDQMX ]DSRUHGMD JHQRPRY WHU UXGDUMHQMX ]D
VHNXQGDUQLPLPHWDEROLWL, je zato razvoj QRYLKVWUDWHJLMQDDSOLNDWLYQL strani rudarjenja genomov 
izjemnega pomena [33, 24]. 3ROHJ SRYHþHYDQMD XþLQNRYLWRVWL SUHVHMDOQLK WHVWRY WHU NHPLMVNR-
analiznih metod je pomembno SUHGYVHP UDQJLUDQMH JHQVNLK JUXþ JOHGH QD FLOMH WHUDSHYWVNLK
programov. 
1.4. *HQVNLLQåHQLULQJSULDNWLQREDNWHULMDK
EYROXFLMVNRJOHGDQR VRDNWLQREDNWHULMH zelo dojemljive za horizontalen vnos DNA, SUDYWDNRVR 
SRGYUåHQH ]HOR KLWUL GLIHUHQFLDFLML ]QRWUDM SRSXODFLMH [11, 34]. Kljub temu je ODERUDWRULMVND
WUDQVIRUPDFLMD DNWLQREDNWHULM SRJRVWR WHåDYQD GR WH PHUH GD RQHPRJRþD UHVQe študije 
VHNXQGDUQHJDPHWDEROL]PD]JHQVNLPLQåHQLULQJRP [35]. 0QRJLVHNXQGDUQLPHWDEROLWLNLVRY
WHUDSHYWVNLXSRUDELåHGHVHWOHWMD, še danes nimajo povsem pojasnjenega bio-JHQHWVNHJD L]YRUD
=DUDGLGHEHOHLQNRPSOHNVQHFHOLþQHVWHQHDNWLQRPLFHWVWDVHXYHOMDYLOLPHWRGa vnosa DNA SUHNR
WUDQVIRUPDFLMHSURWRSODVWRY LQNRQMXJDWLYQLSUHQRV L]YPHVQHJDJRVWLWHOMDQDMYHþNUDWEDNWHULMH
Escherichia coli. 0HWLODFLMDGRQRUVNHDNA SRPHPEQRYSOLYDQDIUHNYHQFRWUDQVIRUPDFLMH]DWR
se za njeno pripravo uporabljajo sevi E. coli z mutacijami YPHWLODFLMVNR-UHVWULNFLMVNLKVLVWHPLK
[35, 34]. 
&LOMDQHJHQVNHPRGLILNDFLMHSULDNWLQREDNWHULMah VHPRþQR]DQDãDMRQDL]NRULãþDQMHKRPRORJQH
UHNRPELQDFLMH 7R VR YHþLQRPD QL]NR-IUHNYHQWQL GRJRGNL NL Y NRPELQDFLML ] JRVWLWHOML NL VR
WHåDYQLmi Y VPLVOX WUDQVIRUPDFLMVNH XþLQNRYLWRVWL RWHåXMHMR UD]LVNRYDQMH LQ LQåHQLULQJ
ELRVLQWH]QLKSRWLWRSDXSRþDVQMXMHDSOLNDFLMRVSR]QDQM, NLMLKSULQDãDUD]PDKJHQRPLNH [35]. Ena 
L]PHG L]MHP Y WHP VPLVOX MH XSRUDED SOD]PLGRY ]D JHQRPVNR LQWHJUDFLMR NL WHPHOMLMR QD
EDNWHULRIDJQLK LQWHJUDFLMVNLK PHKDQL]PLK ĭ& ĭ%7 LQ WUDQVIRUPDFLML JRVWLWHOMD SUHNo 
NRQMXJDWLYQHJDSUHQRVDSOD]PLGRYL]Escherichia coli7DJHQHULþQDPHWRGDMHYHþLQRPDXVSHãQD
LQ QHSUREOHPDWLþQD [36]. Ker pa PHWRGD RPRJRþD ]JROM YNOMXþHYDQMH JHQVNH LQIRUPDFLMH Y
GRORþHQD JHQRPVND PHVWD MH XSRUDED pristopov NL YNOMXþXMHMR KRPRORJQR UHNRPELQDFLMR
neizogibna SUL LQDNWLYDFLMVNLK ãWXGLMDK ,QWHJUDFLMD ] HQRMQLPSUHNULåDQMHP MH VLFHU Uazmeroma 
enostavna metoda, vendar je QMHQDXVSHãQRVWPRþQRSRJRMHQDVWUDQVIRUPDFLMVNRXþLQNRYLWRVWMR
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in stalnim VHOHNFLMVNLPSULWLVNRPNLSUHSUHþXMHVSRQWDQ REUDWHQUHNRPELQDFLMVNLSURFHVHNVFL]LMH
YHNWRUMD [37].  
=DWRVRELOLUD]YLWLUD]OLþQLSULVWRSLKRPRORJQHUHNRPELQDFLMH]GYRMQLPSUHNULåDQMHP [34]. Pri 
teh je bistven element metodologije »vzorec za urejanje«, fragment DNANLMHVHVWDYOMHQL]UHJLM, 
NLVRQDREHKVWUDQHKKRPRORJQHPHVWXåHOHQHJHQVNHVSUHPHPEH QDQDþLQ, GDRPRJRþDXYHGER
delecije, nadomestitve ali vnosa fragmetov DNA 6OLND4)7DPHWRGRORJLMDRPRJRþD urejanje 
JHQRPDQD]HORQDWDQþHQQDþLQSULWHPSDQHRVWDQHYJHQRPXQHåHOHQLK fragmentov DNA ali 
UH]LVWHQþQLK JHQRY3UYLSURWRNROLVRVH]DQDãDOLQDVHOHNFLRQLUDQRSUYRSUHNULåDQMHLQVSRQWDQR
Slika 4. Shematski prikaz prHXUHMDQMD JHQRPD V SRPRþMR GYRMQH KRPRORJQH UHNRPELQDFLMH 1DMSUHM
VHOHNFLMVNHJDR]QDþHYDOFDVHOHNFLRQLUDPR]DLQWHJUDFLMRYJHQRPVSUYLPSUHNULåDQMHPYGUXJHPNRUDNX
SDLãþHPRL]JXERVHOHNFLMVNHJDR]QDþHYDOFDNLMHLQGLNDFLMDGUXJHJDSUHNULåDQMD6OHGQje lahko rezultira 
tako v mutiran kot izvoren genotip, zato je potrebno ekstenzivno presejanje sevov. *V primeru uporabe 
ciljane restrikcije s CRISPR-&DVYYVHKVWRSQMDKQDSDGDPRL]YRUQLJHQRWLS]DWRMHHGLQDYLDELOQDUHãLWHY
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HNVFL]LMRRVWDQNRYYHNWRUMDSULGUXJHPSUHNULåDQMX VKRPRORJQRUHNRPELQDFLMR [34]. Pri tem je 
potrebno vzpostavitLPHWRGRORJLMR]DUD]OLNRYDQMe med genotipoma mutant in izvornih sevov.  
ZDUDGLQL]NHIUHNYHQWQRVWLUHVROXFLMHYVPHULPXWLUDQHJDJHQRWLSD je potrebno SUHJOHGDWLYHOLNR
ãWHYLORVHYRY=DSRYLãHYDQMHIUHNYHQFUHVROXFLMHSULPDUQHJDSUHNULåDQMDVR Y]SRVWDYLOLUD]OLþQH
metode NRW VR NRPELQLUDQD XSRUDED SR]LWLYQHJD LQ QHJDWLYQHJD VHOHNFLMVNHJD SULWLVND [38], 
uporaba dolgih homolognih fragmentov v vzorcu za urejanje [39] in v zadnjih letih uporaba 
sistemov CRISPR-Cas9 [40].  
1XNOHD]D Cas9 MH NRPSRQHQWD sistema CRISPR tipa II, NL L]KDMD L] EDNWHULMH Streptococcus 
pyogenes. Naravna YORJD WHJD EDNWHULMVNHJD ªLPXQVNHJD VLVWHPD© MH REUDPED SUHG QDSDGDOFL
SUHGYVHPEDNWHULRIDJLWDNRGDSUHSR]QDYDLQ FHSLVSHFLILþQD]DSRUHGMDDNANLMLKSUHSR]QDYDMR
RNA YRGQLFHNRGLUDQHYLPXQVNHPVSRPLQX&5,635 [41]. 0HWRGHNRWVRXrejanje genomov, 
PXOWLSOHNVQR LQWHUIHULUDQMH V WUDQVNULSFLMR WUDQVNFULSFLMVND DNWLYDFLMD VHOHNFLMD QD SRGODJL
zaporedja DNA ter mnoge in vitro PHWRGHNLWHPHOMLMRQDVLVWHPX&5,635XSRUDEOMDMRWDUþQR-
sSHFLILþQR LQ XþLQNRYLWR YRGHQMH QXNOHD]H&DV V SRPRþMR NUDWNLK51$ YRGQLF [42]. Sistem 
SUHSR]QDYDSROMXEQR]DSRUHGMHESSULþHPHUPRUD]DSRUHGMXVOHGLWL]DSRUHGMH3$01**). 
Še posebno SULDNWLQREDNWHULMDK]YLVRNLP*&MHzaporedje N)21** zelo pogosto in ga najdemo 
vsaj 1-NUDWQDYVDNLKES9WHPVPLVOXODKNRQDþUWXMHPRWDUþH]DFHSOMHQMHDNA SUDNWLþQR
NMHUNROLSRJHnomu. Pomembno je tudi, da so 20bp dolga zaporedja, NLMLKSRWUHEXMHPR]DSULSUDYR
NRQVWUXNWRY]DVSHFLILþQHWDUþH, KLWURGRVWRSQDSUHNRVLQWHWLþQLKROLJRQXNOHRWLGRY 
Tudi pri DNWLQREDNWHULMDKVH&5,635-&DVXYHOMDYOMDYFHOLYUVWLDSOLNDFLM [40], najprej pa je bil ta 
sistem UD]YLWNRWRURGMH ]Dpreurejanje genomov [43]. V naših laboratorijih smo vzporedno in 
neodvisno razvili svoje orodje za preurejanje genomov s CRISPR-&DVSRJODYMH7RVHRG
RVWDOLKSULVWRSRYUD]OLNXMHSUHGYVHPYXSRUDELQHVWDELOQHJDUHSOLNRQD, NLRPRJRþDKLWURL]JXER
CRISPR-Cas9 plazmida ob odstraniWYLVHOHNFLMVNHJDSULWLVNDLQ po uporabi inducibilnega sistema 
za L]UDåDQMH gena cas9 7X VPR ]GUXåili enega najpogosteje uporabljenih aNWLQREDNWHULMVNLK
promotorjev permE] ULERVWLNDORPNLREvezavi teofilina VSUHPHQLNRQformacijo in omogRþL
GRVWRS ULERVRPD GR PHVWD 6' LQ V WHP XþLQNRYLWR WUDQVODFLMR [44]. Opisano orodje nam je 
RPRJRþLORXþLQNRYLWRLQKLWURpreurejanje genomov in s tem dostop do lepega števila QDWDQþQR
ciljanih mutant, NLRPRJRþDMRUD]LVNRYDQMHELRVLQWH]QLKSRWL]DVHNXQGDUQHPHWDEROLWH 
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1.5. Streptomyces rapamycinicus LQUDSDPLFLQ 
Streptomyces rapamycinicus MHLQGXVWULMVNRSRPHPEQDVWUHSWRPLFHWD Izoliran je bil iz vzorcev 
prsti ] 9HOLNRQRþQLK RWRNRY L]Yorno 5DSD 1XL LQ VSUYD NODVLILFLUDQ NRW Streptomyces 
hygroscopicus [9]. S. rapamycinicus je producent rapamicina VLUROLPXVNLVHVNXSDMVVYRMLPL
pol-VLQWHWLþQLPLL]SHOMDQNDPLNRWVRWHPVLUROLPXV&&,-HYHUROLPXV5$']RWDUROLPXV
$%7- GHIHUROLPXV $3 WHU ,/6-920 uporablja za zdravljenje razOLþQLK NOLQLþQLK
LQGLNDFLM [45]. 7H VSRMLQH VH Y PHGLFLQL XSRUDEOMDMR NRW ]DYLUDOFL LPXQVNHJD RG]LYD za 
SUHSUHþHYDQMH ]DYUDþDQMD RUJDQRY SUL SUHVDGLWYDK ter NRW SURWL-SUROLIHUDWLYQH XþLQNovine pri 
zdravljenju restenoze [45]. Temsirolimus in everolimus sta odobreni zdravili za zdravljenje 
OHGYLþQLKNDUFLQRPRY LQ GUXJLK UDNDYLKEROH]QL [46]2VWDOL DQDORJLNDåHMRYHOLNSRWHQFLDO SUL
razvoju zdravil ]D NDUGLRYDVNXODUQH DYWRLPXQH in nevrodegenerativne bolezni [45] YHOLNR
pozornosti pa se vlaga v razvoj potencialnih terapij proti preuranjenem staranju [47].  
Rapamicin je poznan LQKLELWRUVLJQDOL]DFLMHSUHNRNRPSOHNVD725&, NLVRGHOXMHSULXUDYQDYDQMX
FHOLþQHJDFLNOD,QKLELFLMDVHY]SRVWDYL]YH]DYRUDSDPLFLQDPHGGYDSURWHLQD).%3LQ725 
[48]. SRURGHQVHNXQGDUQLPHWDEROLWWDNUROLPXV).-506), ima SRGREHQQDþLQGHORYDQMDvendar 
NRWGUXJHJDSDUWQHUMDYH]DYHYNOMXþXMHNDOFLQHYULQQDPHVWR7256OLND5). Zato se predvideva, 
GDEL]PRGLILNDFLMRGHODPROHNXOHUDSDPLFLQDR]).-ODKNRGRVHJOLYH]DYRQDQRYH partnerje 
LQ WDNR UD]ãLULOL WHUDSHYWVNR XSRUDEQRVW WH VNXSLQH VSRMLQ [49]. *HQVND JUXþD ]D ELRVLQWH]R
UDSDPLFLQD MH SR]QDQD åH GDOM þDVD YHOLNR QDSRURY SD MH ELOR QDPHQMHQih razumevanju 
ELRNHPLMVNLKSULQFLSRY biosintezne poti in jo danes zato dobro razumemo [50, 51]. Pridobljeno 
Slika 5: Vezava rapamicina in FK-QDHYNDULRQWVNHWDUþH6KHPDWVNLSULND]YH]DYQLKSDUWQHUMHY1D
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]QDQMHMHRPRJRþLOR UD]YRMWLªUDSDORJRY©NMHUVH]LQåHQLULQJRPSROLNHWLGQHVLQWD]Hin drugimi 
prijemi sintezne ELRORJLMH SRVNXãD SULGRELWL DQDORJH NL EL ELOL SULPHUQL ]D ]GUDYOMHQMH QRYLK
NOLQLþQLK LQGLNDFLM DOL EL LPHOL L]EROMãDQH ODVWQRVWL [52, 53]. Zaradi vsega naštetega so danes 
rapamicin in QMHJRYH WDUþHYFHOLþQLKVLJQDOQLKSRWHKHQDRG]LP]HOHQLK WHPFHOLþQHELRORJLMH
MHGLFLQVNa LQ LQGXVWULMVNa pomembnost rDSDPLFLQD SD ]DKWHYD WXGL UD]LVNDYH Y VPHUL
izboljševanja biosinteznega potenciala njegovega producenta, S. rapamycinicus.  
Poleg rapamicinaWDRUJDQL]HPSURL]YDMDWXGLGUXJHELRORãNRDNWLYQHVHNXQGDUQHPHWDEROLWHNot 
sta elaiofilin in QLJHULFLQ6OLND6) [54]*HQRPS. rapamycinicus je z ~12Mbp VLFHUHGHQQDMYHþMLK
med streptomicetami LQL]MHPQRERJDW]JHQVNLPLJUXþDPL]DVHNXQGDUQHPHWDEROLWH [9]. Trenutna 
DQDOL]DJHQRPD]$QWL60$6+NDåHQDSULVRWQRVWYHþNRWJUXþ]DVHNXQGDUQHPHWDEROLWH
RGWHJDa]PRGXODUQLPLHQFLPVNLPLVLVWHPLKonservativna RFHQDNDåH, GDJHQL]DVHNXQGDUQH
metabolite zaVHGDMRYHþNRWþHWUWLQRJHQRPDS. rapamycinicus [9]. 
1.6. $NWLQRSODQVNHNLVOLQH 
9åHOMLL]EROMãDWLSURGXNWLYQRVWS. rapamycinicus $7&&VPRVHRGORþLOLGD]QDPHQRP
utišanja nepotrebnih biRVLQWH]QLK SRWL NL ] UDSDPLFLQVNR SRWMR WHNPXMHMR ]D VXEVWUDWH LQ
NRIDNWRUMHãH HQNUDWSUHJOHGDPRVHNXQGDUQLPHWDERORPWHJDRUJDQL]PD3ULWHPVPR] analizo 
LC-06NXOWXUS. rapamycinicus RGNULOLSULVRWQRVWGYHKVSRMLQNLGRVHGDMQLVWDELOLRSLVDQLY
SRYH]DYLVWHPRUJDQL]PRP,]RODFLMDLQNDUDNWHUL]DFLMD]1H-NMR in 13C-NMR sta privedli do 
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VWUXNWXUH DNWLQRSODQVNH NLVOLQH $ [55] LQ QMHQHJD QRYHJD GH]PHWLOQHJD DQDORJD NL VPR JD
SRLPHQRYDOLDNWLQRSODQVNDNLVOLQD&6OLND7). 
$NWLQRSODQVND NLVOLQD $ MH SROLNHWLG V 30-þOHQVNR RVQRYQR YHULJR NL L]KDMD YHþLQRPD L]
malonatnih in metil-PDORQDWQLK JUDGQLNRY ter enega etil-PDORQDWQHJD JUDGQLND 9VHEXMH WXGL
UHGNR WULNDUEDOLOQR VNXSLQR NL GHO SROLNHWLGD SUHN GYHK HVWHUVNLK YH]L ]DSLUD Y ODNWRQ 3UL
DNWLQRSODQVNLNLVOLQL%WDNãQDFLNOL]DFLMDQLPRJRþD, sDMRJOMLNQDSR]LFLMLQLKLGURNVLOLUDQ[56]. 
Stereo-NHPLþQD NDUDNWHUL]DFLMD DNWLQRSODQVNLK NLVOLQ GR VHGDM QL ELOD XVSHãQD VDM NHPLMVND
zgradba VSRMLQDP RPRJRþD SUHFHMãQMR URWDFLMVNR VYRERGR SROHJ WHJD SD VR ELOL SRVNXVL
NULVWDOL]DFLMH]QDPHQRPGRORþLWYHSURVWRUVNHVWUXNWXUH]UHQWJHQRPGRVHGDMQHXVSHãQL [55].  
1DYNOMXE XQLNDWQL NHPLMVNL ]JUDGEL MH ELOD DNWLQRSODQVNLP NLVOLQDP SR QMLKRYHP RGNULWMX LQ
dRORþLWYLELRORãNHDNWLYQRVWL[56, 57] SRVYHþHQDL]MHPQRPDMKQDSR]RUQRVW9WHKSRURþLOLKVWD
DNWLQRSODQVNLNLVOLQL$LQ%L]ROLUDQLL]NXOWXUActinoplanes sp. MA 7066 in Streptomyces sp. MA 
7099, RSLVDQLNRW L]MHPRPRþQD LQ VHOHNWLYQD LQKLELWRUMD5DV IDUQH]LO-SURWHLQ WUDQVIHUD] )7,
ZaþHWQD VSR]QDQMD R SRYH]DYL PHG ]JUDGER DNWLQRSODQVNLK NLVOLQ LQ QMLKRYR DNWLYQRVWMR
QDND]XMHMRGDMHSUDYWULNDUEDOLOQDVNXSLQDR]QMHQHSURVWHNDUERNVLOQHVNXSLQHpomembna za 
ELRORãNRDNWLYQRVW [55].  
*73-aza Ras je eden najpogostejših RQNRJHQRYSULUDNDYLKWUDQVIRUPDFLMDK]DWRMHYURþDWDUþD
SUL UD]YRMX]GUDYLOSURWL UDNX. ýHSUDY inhibitorji farnezil-transferaz za zdaj še niso privedli do 
Slika 7. Strukture aktinoplanskih kislin. Prikazane so kemijske zgradbe aktinoplanskih kislin, ki smo jih
QDãOLYNXOWXUDKS. rapamycinicus. Do sedaj sta bili opisani le aktinoplanska kislina A (1) in aktinoplanska 



















1, Aktinoplanska kislina A: R=CH3




















































5, Aktinoplanska kislina B: R1=H, R2=CH3
















Fumonizin B: R1=H, OH,  R2=CH3 
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odobrenih terapij, pa se v njihov potencial vlaga precejšnje napore [58]3ROHJUDNDYLKREROHQMMH
uporaba FTI uspešna pri zdravljenju progerije [59] SUDY WDNR VH QDnjihovi podlagi razvijajo 
WHUDSLMH]D]GUDYOMHQMH$O]KHLPHUMHYHEROH]QLLQGRORþHQLKSURWR]RMVNLKLQIHNFLM [60]. 
1.7. Fumonizini 
)XPRQL]LQL VR SROHJ DNWLQRSODQVNLKNLVOLQ HGLQHSR]QDQHQDUDYQH VSRMLQH NL Y VYRML ]JUDGEL 
YNOMXþXMHMRWULNDUEDOLOQRVNXSLQR6RJOLYQLWRNVLQLNLMLm je bila v QDVSURWMX]DNWLQRSODQVNLPL
NLVOLQDPLNDWHULKELRVLQWH]QLLQJHQVNLL]YRUGDQHVQLSR]QDQSRVYHþHQDYHOLNRYHþMDSR]RUQRVW. 
S fumonizini je SUHNRNXåEH]JOLYQLPLSURGXFHQWL QDMYHþNUDWNRQWDPLniUDQDNRUX]D, pa tudi druge 
åLWDULFH1DMYHþ WHåDYSRY]URþDMRYåLYLQRUHMLSRVHEQRSULNRQMLK [61]. Fumonizine in njihove 
DQDORJHSURL]YDMDMRUD]OLþQHYUVWHJOLYSUHGYVHPYUVWHURGRYFusarium, Aspergillus in Giberella 
[62, 63]. 7LSLþQD fXPRQL]LQVNa JHQVND JUXþD Y YHOLNRVWL FD  NES ]DMHPD  JHQRY [64]. 
%LRVLQWH]QDSRWVH]DþQHSUHNROLQHDUQHJDSROLNHWLGQHJDLQWHUPHGLDWDNLJDVLQWHWL]LUDiterativna 
SROLNHWLGQDVLQWD]D3.6WLSD [65].  
1DVWDOD YHULJD VH VSURVWL L] SROLNHWLGQH VLQWD]H SUHNR XQLNDWQHJD PHKDQL]PD NRQGHQ]DFLMH ]
DODQLQRPDOLJOLFLQRPNDUUH]XOWLUDYSURVWHPLQWHUPHGLDWX [66]. 7DVHNDVQHMHSUHNRYHþVWRSHQM 
PRGLILFLUD GR NRQþQHJD SURGXNWD 6OLND8) 9HUMHWQR QDMEROM ]DQLPLYDPRGLILNDFLMD MH GYRMQD
acilacija intermediata s WULNDUEDOLOQRNLVOLQRNLMRSUHVHQHWOMLYRL]YHGHQHULERVRPDOQDSROLSHSWLGQD
Slika 8. Shematski prikaz biosinteze fumonizinov. Fumonizin B4 se pri nekaterih producentih lahko nadalje 























NRPS, PCP in 
kondenzacija
Fum14p
Mrak P. Biosinteza aktinoplanske kisline v Streptomyces rapamycinicus. 
Doktorska disertacija. Ljubljana. Univerza v Ljubljani. 2019 
15 
sintetD]D15366OLND9)7LHQFLPLRELþDMQRNDWDOL]LUDMRWYRUERDPLGQHSHSWLGQHYH]L]DWRMH
tvorba HVWUDYSULPHUXIXPRQL]LQRYYHOLNDSRVHEQRVW [67]3UHXþHQMHELOWXGL L]YRUWULNDUEDOLOQH
VNXSLQH ,]ND]DOR VH MH GD WD SRWHND SUHNR ]DQLPLYH UHGXNFLMH LQWHUPHGLDWDKUHEVRYHJD FLNOD
YHUMHWQRDNRQLWDWDPHGWHP, NRMHOH-WDNRYDOHQWQRYH]DQQD1536 [68]. 
Slika 9. Aciliranje prostega poliketidnega intermediata pri biosintezi fumonizinov. Shematski prikaz je 
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2. NAMEN DELA IN HIPOTEZE
2.1. Namen dela 
3UHGNUDWNLPMHELORREMDYOMHQRJHQRPVNR]DSRUHGMHS. rapamycinicus ATCC 29253. To nam je 
RPRJRþLORLVNDQMHSRWHQFLDOQHJHQVNHJUXþH ]DELRVLQWH]RDNWLQRSODQVNHNLVOLQHSUHNRDOJRULWPRY
]DQDSRYHGRYDQMHDUKLWHNWXUH3.6NLMRRPRJRþDELRLQIRUPDWVNRRURGMHDQWL60$6+1DãOLVPR
JHQVNRJrXþRNLVHUD]WH]DSUHNRNESLQMHXUHMHQa RNURJWUHKYHOLNLKgenov za modularne 
PKS. Analiza NDWDOLWVNLK domen, NL MLK NRGLUDMR JHQL ]D 3.6 NDNRU WXGL napoved uporabe 
JUDGQLNRYYWHKPRGXOLKVHVNODGDVVWUXNWXUQLPLODVWQRVWPLDNWLQRSODQVNLKNLVOLQ 
1DPHQGHODMHSUHNRJHQVNLKVSUHPHPENLMLKERPRYQHVOLYJHQRPS. rapamycinicus, GRND]DWL
da je domnevanDJHQVNDJUXþDGHMDQVNRRGJRYRUQD ]DVLQWH]RDNWLQRSODQVNLKNLVOLQ1DGDOMHERPR
]QHNDMVWUDWHãNRL]EUDQLPLPRGLILNDFLMDPLJHQRYNLSUHGYLGRPa sodelujejo v biosintezni poti, 
UD]ORåLOL, NDNRLQYNDNãQHP]DSRUHGMXGRJRGNRYSRWHND3ULWHPERPRXSRUDELOLODVWQRRURGMH]D
XUHMDQMHJHQRPRYSUHNR metodologije CRISPR-Cas9. Fenotipe mutant bomo analizirali z LC-MS, 
VWUXNWXUH SULþDNRYDQLK LQWHUPHGLDWRY in VWUDQVNLK SURGXNWRY SD GRORþLOL ] UD]OLþQLPL SULVWRSL
DQDOL]QHNHPLMHNRWVR06VIUDJPHQWDFLMRYYLVRNLORþOMLYRVWLWHU1053UHGYLGHYDPRGDERPR
WDNR ODKNR UD]ORåLOL ELRVLQWH]QR SRW SUYHJD SULPHUD QDUDYQH VSRMLQH ] WULNDUEDOLOQR VNXSLQR Y
EDNWHULMVNHPVYHWXObenem naše oGNULWMHQRYLKDQDORJRYDNWLQRSODQVNHNLVOLQH&WHUOLQHDUQLK
REOLN DNWLQRSODQVNLK NLVOLQ SRQXMD QRYD YSUDãDQMD Y VPLVOX PHKDQL]PRY GLYHU]LILNDFLMH
SURGXNWRYL]HQHVDPHELRVLQWH]QHSRWL 
Opravili smo tudi primerjave med JUXþRgenov in javno dostopnimi zbLUNDPLSRGDWNRYJHQRPVNLK
zaporedij. Poleg S. rapamycinicus $7&&VWDSRGREQRJHQVNRJUXþR vsebovala tudi genoma 
Streptomyces iranensis HM35 ter Actinoplanes sp. N902-109. Zanimivo je, da so ti trije organizmi 
tudi edini znani producenti rapamicina. ZDWR VH SRUDMD YSUDãDQMH þH MH WD RKUDQMHQRVW ]JROM
QDNOMXþMHDOLMHYR]DGMXHYROXFLMVNDLQSRVOHGLþQRWXGLIXQNFLRQDOQDSRYH]DYDPHGUDSDPLFLQRP
LQ DNWLQRSODQVNLPL NLVOLQDPL V zadnjem desetletju je z razmahom PHWRG GRORþDQMD DNA 
zaporedij nove generacije SRVWDOR MDVQRGDJHQRPLDNWLQREDNWHULMSRJRVWRYVHEXMHMR LQYHþ
JHQVNLK VNXSNRY ]D VHNXQGDUQHPHWDEROLWH 3UHGYLGHYD VH GD MH GRORþHQ GHO OH-teh namenjen 
]DYLUDQMXNRQNXUHQþQLKRUJDQL]PRYYRNROMXRPHMHQHPVKUDQLOL7UHQXWQRpa slabo razumemo 
NDNR RUJDQL]PLNRRUGLQLUDMRXSRUDERWDNRYHOLNHJDDU]HQDODLQ]DNDMMHSRWUHEHQ 
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2.2. +LSRWH]i 
 *HQVNL VNXSHNNL VPRJDSUHNRDOJRULWPRY]DQDSRYHGDUKLWHNWXUH3.6QDãOLYJHQRPXS.
rapamycinicus, NRGLUDELRVLQWH]QRSRWDNWLQRSODQVNLKNLVOLQ
 6RþDVQR QDKDMDQMH JHQVNLK VNXSNRY ]D ELRVLQWH]R UDSDPLFLQD in DNWLQRSODQVNLK NLVOLQ Y
JHQRPLKYHþDNWLQRPLFHWLPDHYROXFLMVNRR]DGMHLQIXQNFLRQDOQRSRYH]DYR
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3. MATERIALI IN METODE
3.1. Kemikalije 
.HPLNDOLMH, uporabljene v tej študiji, so bile pridobljene od priznanih dobaviteljev laboratorLMVNLK
NHPLNDOLM 6LJPD0HUFN%HFWRQ	'LFNLQVRQ itd.8SRUDEOMHQH NHPLNDOLMH VR ELOH Y NYDOLWHWL, 
namenjeni UD]LVNDYDPin DQDOLWLNL, ter so navedene pri opisu metod v nadaljevanjuUD]HQNDGDU
gre za splošnRGRVWRSQHNHPLNDOLMH LQ WRSLOD. Rapamicin smo pridobili interno in je bil v USP 
NYDOLWHWL 
3.2. 0LNURRUJDQL]PLLQJRMLãþD 
V tej študiji smo uporabili S. rapamycinicus $7&&S. hygroscopicus subsp. hygroscopicus 
NRRL 5491) [69] WHU UDSDPLFLQVNL super-producent S. rapamycinicus R073, Ni je v tesnem 
sorodstvu z ATCC 29253. 9VH PDQLSXODFLMH QD WUGQLK JRMLãþLK VR ELOH L]YHGHQH ] DJDUVNLPL
SORãþDPL7$$Tabela 1), NLVPRMLKLQNXELUDOLSUL&9 dni.  
Tabela 16HVWDYDJRMLãþD TAA4 LQPLQHUDOQHUD]WRSLQHSRWUHEQH]DQMHJRYRSULSUDYR1DUDYQLS+JRMLãþD
je ~ 7,0, korekcija pH pred sterilizacijo ni potrebna. Strerilizacija se izvaja pri 121 °C, 20 minut. 
Sestavina .ROLþLQD 
Koruzni dekstrin (Roquette, Francija) 10 g 
K2HPO4 (Sigma-Aldrich, ZDA) 1 g 
MgSO4 × 7H2O (Sigma-Aldrich, ZDA) 1 g 
NaCl (Sigma-Aldrich, ZDA) 1 g 
(NH4)2SO4× 7H2O (Sigma-Aldrich, ZDA) 4 g 
CaCO3 (Sigma-Aldrich, ZDA) 4 g 
Mineralna raztopina 1 mL 
Bacto agar (DIFCO, BD, ZDA) 20 g 
Pitna voda GRNRQþQHJDYROXPQDOLWHU 
Mineralna raztopina: 
Sestavina .ROLþLQD 
5M HCl (Sigma-Aldrich, ZDA) 10 mL 
CaCl2× 2H2O (Sigma-Aldrich, ZDA) 25 g 
NaCl (Sigma-Aldrich, ZDA) 12 g 
MgCl2 × 6H2O (Sigma-Aldrich, ZDA) 66 g 
KCl (Sigma-Aldrich, ZDA) 100 g 
FeCl3 × 6H2O (Sigma-Aldrich, ZDA) 5 g 
ZnCl2 (Sigma-Aldrich, ZDA) 0.7 g 
CuCl2 × 2H2O (Sigma-Aldrich, ZDA) 0.3 g 
MnSO4 × H2O (Sigma-Aldrich, ZDA) 0.4 g 
8OWUDþLVWDYRGD GRNRQþQHJDYROXPQDOLWHU 
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*OHGHQDSRWUHEHVPR]DGRORþHQHPHWRGHYJRMLãþHGRGDOLDSUDPLFLQPJ/LQDOLteofilin 
mM).RWYFHSHN]DVWUHVDQHNXOWXUHVPRXSRUDELOLVSRUHSULdobljene iz ~1 cm2 Nonfluentnih, 9 
dni starih NXOWXUQDTAA4 DJDUVNLKSORãþDK. 
7HNRþH NXOWXUHS. rapamycinicus smo JRMLOL QD RUELWDOQLK VWUHVDOQLãNLK LQNXEDWRUMLK Y P/
HUOHQPDMHULFDKNLVRYVHERYDOHP/JRMLãþD5$3-3Tabela 2,QNXEDFLMDMHSRWHNDODSUL
&LQUSP,5-FPHNVFHQWHUGQL.XOWXUHVPRSHULRGLþQRY]RUþLOL]DDQDOL]RVHNXQGDUQLK
PHWDEROLWRY =D IHQRWLSVNR NDUDNWHUL]DFLMR XYHGHQLK JHQVNLK VSUHPHPE VPR Y YVHK SULPHULK
WHVWLUDOLYVDMWULQHRGYLVQHL]RODWHPXWDQW9]SRUHGQRVPRJRMLOLYHþNXOWXULVWHJDVHYDWDNRGD
VPRSULYVDNHPY]RUþHQMXGRWLþQRNXOWXUR]DYUJOLLQLQNXELUDOLRVWDOHGRQDVOHGQMHJDY]RUþHQMD
Za pripravo vzorcev za analize LC-MS VPR ]DWHKWDOL  J NXOWXUH LQ UHGþLOL V 6 mL mešanice 
DFHWRQLWULOYRGDYUD]PHUMX9]RUFHVPRWDNRMFHQWULIXJLUDOLJPLQ&%LVWUH
VXSHUQDWDQWHVPRRGOLOLYVYHåHYLDOHLQMLKVKUDQLOLSUL-&GRDQDOize. 
3.3. 'RORþDQMHJHQRPVNHJD]DSRUHGMD in silico DQDOL]DLQQDþUWRYDQMH 
'RORþDQMHJHQRPVNHJD]DSRUHGMDS. rapamycinicus je bilo izvedeno v laboratorijih Novartisovih 
LQãWLWXWRY]DELRPHGLFLQVNHUD]LVNDYH1,%5%D]HOâYLFD*HQRPVNDDNA je bila izolirana iz 
NXOWXUS. rapamycinicus ATCC 29253 v zgodnji stacionarni fazi po metodi Nicodinovic s sod. 
[70]. 'RORþDQMH JHQRPVNHJD ]DSRUHGMD MH ELOR L]YHGHQR QD SODWIRUPL 3DF%LR 6HTXHO 3DFLILF
%LRVFLHQFHV &$ ='$ SUL þHPHU MH ELOD NQMLåQLFD ]D GRORþDQMH JHQRPVNHJD ]DSRUHGMD
SULSUDYOMHQDVSRPRþMRª6057EHOOWHPSODWHSUHSNLW« in »SequelTM Binding Kit 2.0« Posamezni 
GHOþNL]DSRUHGMDVRELOL de novo ]ORåHQLYNRQVHQ]QR]DSRUHGMHVSRPRþMRSURJUDPVNHRSUHPH
Tabela 26HVWDYDIHUPHQWDFLMVNHJDJRMLãþD RAP-1PS+JRMLãþDVHNRULJLUDV01D2+QDS+aSUHG
sterilizacijo. Strerilizacija se izvaja pri 121 °C, 20 minut. 
Sestavina .ROLþLQD 
Glukoza (Sigma-Aldrich, ZDA) 35 g 
Maltodekstrin (Glucidex 6, Roquette, Francija) 15 g 
Sojina moka (Mantler, Avstrija) 35 g 
MES (Sigma-Aldrich, ZDA) 18 g 
(NH4)2SO4 (Sigma-Aldrich, ZDA) 0.4 g 
KH2PO4 (Sigma-Aldrich, ZDA) 1 g 
MgSO4 x 6H2O (Sigma-Aldrich, ZDA) 0.05 g 
FeSO4 x 6H2O (Sigma-Aldrich, ZDA) 0.05 g 
Pitna voda 'RNRQþQHJDYROXPQDOLWHU 
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+*$33DFLILF%LRVFLHQFHV&A ,USA). 'RORþDQMHJHQRY MHSRWHNDlRVSRPRþMRSURJUDPVNH
opreme Prodigal [71]. 
*HQVNHJUXþH]DVHNXQGDUQHPHWDEROLWHVmRGRORþili ]XSRUDERSURJUDPVNHJDSDNHWD antiSMASH 
3.0 [29]. In silico analizo biosinteznih genov smo izvedli VSRPRþMRDOJRULWPRY BLAST [72] in 
CLUSTAL Omega [73]. 3ULWHPVPR]DQDSRYHGIXQNFLMHXSRãWHYDOLILORJHQHWVNRQDMEOLåMHJHQH
NL VR ELOL HNVSHULPHQWDOQR RNDUDNWHUL]LUDQL 6LQWHQLMR JHQVNLK JUXþ VPR UD]LVNDOL V SULPHUMDYo 
zaporedij z algoritmom BLAST in primerjavo topologije genov. 1DþUWRYDQMH NRQVWUXNWRY ]D
urejanje genoma je SRWHNDOR ] XSRUDER SURJUDPVNHJD SDNHWD*HQHLRXVR8 %LRPDWWHUV /7'
$XFNODQG1=7RSURJUDPVNRRSUHPRVPRXporabili tudi za multiplo primerjavo zaporedij SUHNR
vgrajenega algoritma MUSCLE, [74]. Tudi za izgradnjo filogenetVNLK GUHYHV smo uporabili 
algoritme, YJUDMHQH Y *HQHLRXV 5 VSHFLILþQR DOJRULWHP )DVW7UHH  [75]. 1D QRYR GRORþHQR
zaporedje genoma S. rapamycinicus $7&&  NL YVHEXMH anotirani JHQVNL JUXþL ]D
DNWLQRSODQVNH NLVOLQH LQ UDSDPLFLQ, VPR GHSRQLUDOL Y SRGDWNRYQR ED]R *HQ%DQN SRG ãWHYLONR 
QYCY00000000. 
3.4. Molekularne metode 
Za S. rapamycinicus smo na novo razvili PROHNXODUQDRURGMDCRISPR-Cas9 za urejanje genoma. 
Naš pristop temelji na enem samem prenosljivem plazmidu S5(3B3BZWFDVTabela 3, 6OLND
10, Priloga 2). Ogrodje plazmida je sestavljeno iz QHVWDELOQHJDUHSOLNRQDNLL]YLUD iz plazmida 
pJTU412 [76] WHUNRQMXJDWLYQLKIXQNFLM traJ, oriT) in gena za rezistenco na apramicin aac(3)-
IV) iz plazmida pSET152 [36]. *HQcas9 iz S. pyogenes *HQH%DQN1&B/RFXVWDJ
SPy_1046) VPR RSWLPL]LUDOL Y VPLVOX XSRUDEH JHQVNHJD NRGD ]D L]UDåDQMH v Streptomyces in
SRVWDYLOL SRG NRQWUROR SURPRWRUMD ermE*, NL VPR JD ]GUXåLOL ] WHRILOLVNLP ULER-VWLNDORP [44].
Uporabili smo pristop samostojne RNA vodnice [42] LQUD]YLOLJHQVVLQWHWLþQLPSURPRWRUMHP3
[77] in nativnim terminatorjem iz S. pyogenes tracRNA [78].
Posamezne RNA YRGQLFH VR ELOH QDþUWRYDQH ]D LVNDQMH WDUþH V SRPRþMR LQWHJULUDQH IXQNFLMH
SURJUDPVNH RSUHPH*HQHLRXV5 *HQHLRXV  %LRPDWWHUV . Pri tem smo preverjali 
PRåQRVWGHORYDQMDRNA vodnic izven tarþH, WDNR]QRWUDMJHQRPDS. rapamycinicus NRWWXGL]QRWUDM
genoma prehodnega gostitelja, E. coli ET12567. 9]RUHF]DXUHMDQMHJHQRPDNL MHSRWUHEHQ]D
SRSUDYLORGYRYHULåQHSUHNLQLWYHVKRPRORJQRUHNRPELQDFLMR, VPRSRVWDYLOLYLVWLYHNWRU9]RUHF
]DXUHMDQMHMHWLSLþQRVHVWDYOMHQL]Gveh, 500-1000 bp dolgih fragmentov, NLVWDKRPRORJQDPHMDP
REPRþMD, NDPRUXYDMDPRGHOHFLMRDOLGUXJRJHQVNRVSUHPHPERVzorec za urejanje in gen za RNA 
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YRGQLFRVPRSULGRELOLVSRPRþMRVLQWH]HDNA *HQHZL]='$ in ju VNORQLUDOLPHG mesti XbaI 
in HindIII na plazmidu pREP_P1_w.t.cas9. =DUHVWULNFLMRIUDJPHQWRYVPRXSRUDELOLHQGRQXNOHD]H
LQSXIUHL]VHULMH)DVW'LJHVW7KHUPR6FLHQWLILF='$=DOLJDFLMRVPRXSRUDELOL7'1$OLJD]R
LQ SULSUDGDMRþH SXIUH 3URPHJD ='$ 9 REHK SULPHULK VPR UHDNFLMH L]YHGOL SR Qavodilih 
SURL]YDMDOFD=OLJDFLMVNLPLPHãDQLFDPLVPRSRVWDQGDUQLKSURWRNROLK[79] najprej transformirali 
NRPSHWHQWQH celice Escherichia coli -03URPHJD='$.RQVWUXNFLMRSOD]PLGRYVPRSR
izolaciji potrdili z UHVWULNFLMVNRDQDOL]RQDWRSD]QMLPLWUDQVIRUPLUDOLHOHNWURNRPSHWHQWQH celice 
[79] E. coli ET12567 s plazmidom pUZ8002 NL NRGLUD IXQNFLMH, potrebne za mobilizacijo
SOD]PLGRYSUHNNRQMXJDWLYQHJDSUHQRVD [34].
Slika 10. CRISPR-Cas9 vektor za urejanje genoma. A: GUDILþQLSULND]XUHMDQMDJHQRPD]PHWRGRORJLMR 
CRISPR-Cas9 ter slika vektorja pREP_P1_w.t.cas9 in njegovih sestavnih delov. B: Nukleotidno 
zaporedje in JODYQL IXQNFLRQDOQLGHOL JHQD]DVJ51$NLXVPHUMD&5,635QXNOHD]R&DVGR WDUþQHJD
mesta za GYRYHULåQRSUHNLQLWHYJHQRPDS pRPRþMRWHJDzaporedja in TabelH 3 MHPRåQRrekonstruirati 
YVHYHNWRUMH]DXUHMDQMHJHQRPDNLVPRMLKXSRUDELOLYWHMãWXGLML 
22 
*HQRWLSH PXWDQW VPR SRWUMHYDOL ] YHULåQR UHDNFLMR s polimerazo DNA 3&5 5HDNFLMR VPR
izpeljali z »Q5 High-Fidelity DNA Polymerase« 1HZ (QJODQG Biolabs, ZDA). ReaNFLMVNH
mešanice 9 ȝ/) so bile sestavljene iz Q5 reaNFLjVNHga pufra [ȝ0G173ȝ0
ROLJRQXNOHRWLGQLK]DþHWQLNRY, Q5 GRGDWND]DYLVRNR*&UD]PHUMH [ SULEOLåQRQJPDWULþQH
DNA ter 0,5 enote polimeraze DNA. 7HPSHUDWXUQLSURILOVPR]DþHOL]GHQDWXUDFLMRSUL& za 5 
min. Nadaljevali VPRVWHPSHUDWXUQLPLFLNOL&]D VGHQDWXUDFLMVNDID]D&]D 20 
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9HNWRUMH ]D XUHMDQMH JHQRma smo vnesli v celice S. rapamicinicus V SRPRþMR NRQMXJDWLYQHJD
prenosa iz EDNWHULMHE. coli ET12567 [34], HNVRNRQMXJDQWHSDVHOHNFLRQLUDOL]XSRUDERPJ/
apramicinD(NVRNRnjugante VPRSUHFHSLOLQDVYHåHDJDUVNHSORãþHNLVRYVHERYDOH WHRILOin 
mM) LQ WDNRLQGXFLUDOL L]UDåDQMHQXNOHD]HCas9. Po LQNXEDFLMLVmo NRORQLMHprecepili nDVYHåH
DJDUVNH SORãþH EUH] VHOHNFLMVNLK GHMDYQLNRY WHU QDNQDGQR WHVWLUDOL za izgubo rezistence na 
apramicin. Podrobnosti, SRWUHEQH]DNRQVWUXNFLMRYVHKYHNWRUMHY]DXUHMDQMHJHQRPDNLsmo jih 
XSRUDELOLYUD]LVNDYL, so naštete v TabelL 3.  
Tabela 3. Uporabljeni konstrukti CRISPR-Cas9. Odebeljeno zaporedje taUþH&5,635 MHYNOMXþHQRYJHQ
za RNA YRGQLFR1DãWHWHVRWXGLGROåLQHLQYRNOHSDMXJHQRPVNHORNDFLMHKRPRORJQLKIUDJPHQWRYNL
smo jih uporabili za konstrukcijo vzorca za urejanje genoma. Lokacije ustrezajo genomu pod NCBI 
ãWHYLONR&3 9 ]DGQMHP stolpFX MH RSLVDQD SULþDNRYDQD JHQVND VSUHPHPED ]D YVDNHJD RG








828 bp  
(922789-9923615) 






1284 bp  
(1687830-1689114) 






1499 bp  
(3435990-3437489) 






778 bp  
(10006713-10007491) 






990 bp  
(10008437-10009426) 






826 bp  
(9922789-9923615) 






929 bp  
(9920834-9921763) 






593 bp  
(10009737-10010330) 





(M271_40545)  GGAGAAGGGGCAACTGAACGTGG 
809 bp  
(10012698-10013507) 







1491 bp  
(10038205-10039695) 





In trans NRPSOHPHQWDFLMVNL HNVSHULPHQWL VR ELOL izvedeni s standardnimi metodami z uporabo 
SUHQRVOMLYHJD LQWHJUDWLYQHJD YHNWRUMD S6(7 [36]. 9HNWRU VH YJUadi Y JRVWLWHOMVNL JHQRP V
SRPRþMR LQWHJUD]H EDNWHULRIDJD ĭ& 3UHXþHYDQH JHQH VPR Y YHNWRU SRVWDYLOL SRG QDG]RU 
PRþQHJD SURPRWRUMD ermE* SermE*). .RQVWUXNWH VPR pripravili ] YNOMXþLWYLMR QDVOHGQMLK
JHQRPVNLK IUDJPHQWRY ORNDFLMH JOHGH QD GHSRQLUDQ JHQRP S. rapamycinicus NRRL5491, 
ãWHYLONDNCBI CP006567.1): aplDE  ES  -  apl3  ES  – 
aplF  ES  - 10011175). 1DãWHWH IUDJPHQWH VPR SULGRELOL V SRPRþMR
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V faza naleganja) in  & za 45 seNXQGNE faza podaljševanja). .RQþQR SRGDOMãHYDQMH
fragmentov MH SRWHNDOR SUL  &, 7 min. 3RGUREQRVWL R ROLJRQXNOHRWLGQLK ]DþHWQLNLK LQ
SULþDNRYDQLK GROåinah SRPQRåNRY glede na genotip so podane v TabelL 4. 5HDNFLMH 3&5 VPR
anaOL]LUDOL V SRPRþMR NDSLODUQH HOHNWURIRUH]H QIAxcel 4,$*(1, ZDA), z uporabo NDUWXãH
4,$[FHO6FUHQLQJ.LW4,$*(1='$LQSUHGQDORåHQHSURL]YDMDOþHYHPHWRGHAM320. Rezultati 
potrjevalnih UHDNFLM3&5VRSULND]DQLna 6OLNL 11. 
Tabela 4. 6SLVHN ROLJRQXNOHRWLGQLK ]DþHWQLNRY ]D SRWUMHYDQMH JHQRWLSRY PXWDQW 1DYHGHQD MH WXGL
SUHGYLGHQDGROåLQDDPSOLNRQRY9SULPHUXǻrapG, ǻrapH mutant gre za relativno dolgo delecijo, zato smo 
XSRUDELOLGYDSDUDROLJRQXNOHRWLGQLK]DþHWQLNRY3UYLSDU (*) nalegDL]YHQSRORåDMDGHOHFLMHLQGDMH3&5
produkt samo v primeru genotipa z delecijo, medtem ko drugi nalega znotraj izbrisane regije in zato 
RPRJRþD3&5SURGXNWVDPRYSULPHUXJHQRWLSDL]YRUQHJDVHYD 
 Mutanta Oligonukeotid 1 Oligonukleotid 2 
Predvidena 
   GROåLQD 
ǻDSO$  












(M271_40520) CACACATACCCGTGCATGACGTTG GGCACTCAGAGCCTGTGTCATATCC 
w.t. 1198 bp;
del. 967 bp 
ǻDSO( 




(M271_40475) ACAGAGAGTGGAAGCCATGACCG GGTTATGTTGCGGACATGCGTGA 
w.t. 1174 bp;
del. 847 bp 
ǻDSO 








(M271_40545)  AGCAGACTGCGGTACATCTTCGC CCTATCTGGTGGATGTCATCTGGGC 
w.t. 1056 bp;






del. (F*,R) 987 bp 
w.t. (F,R) 1395 bp 
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sinteze DNA *HQHZL]='$LQMLKYVWDYLOLPHG UHVWULNFLMVNLPHVWL NdeI in XbaI na plazmidu 
pSET152_ermE*. 
Slika 11. Elektroferogrami reakcij PCR za potrditev genotipov mutant. Za analizo reakcij PCR smo 
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NLVOLQ Y RUJDQVND WRSLOD &HORNXSQR EUR]JR VPR -NUDW HNVWUDKLUDOL ] GYHPD volumnoma etil-
acetata. Etil-DFHWDWQHID]HVPR]GUXåLOLRGVWUDQLOLRVWDQNHYRGHVSRPRþMRMgSO4 in prefiltrilali. 
Po odparjHQMXRUJDQVNHJDWRSLODVPRSULGRELOLVXURYL]RODWYREOLNLUXPHQR-rjavega olja. Za namen 
GRORþHYDQMD NHPLMVNH zgradbe smo substance QDGDOMH RþLVWLOL s preparativno YLVRNRWODþQo 
NURPDWRJUDILMR na insWUXPHQWX8OWLPDWH7KHUPR6FLHQWLILF='$. Uporabili smo princip 
reverzne faze s C-NRORQR6\QFURQLV[ȝPThermo Scientific, ZDA). Za mobilno 
fazo smo uporabili mešanico aFHWRQLWULOD , YRGH LQPHWLO-tert-EXWLOHWUD S tem 
þLãþHQMHPVPRSULGRELOL23,8 mg DNWLQRSODQVNHNLVOLQH$1) ter 8,2 mg DNWLQRSODQVNHNLVOLQH& 
2). Dodatno smo iz 100 /IHUPHQWDFLMVNHEUR]JH L] UHDNWRUMD L]ROLUDOL43,2 mg odprto-YHULåQH
DNWLQRSODQVNHNLVOLQH3.  
.HPLMVNH ]JUDGEH 1, 2 in 3 VR ELOH GRORþHQH Y ODERUDWRULMLK Novartisovih inštitutov za 
ELRPHGLFLQVNHUD]LVNDYH1,%5 VSRPRþMR'Ln 2D-105VSHNtrosNRSLMHWHUREMDYOMHQih NMR 
SRGDWNRY]DDNWLQRSODQVNR NLVOLQR$ [55]. 6SHNWUL105so bili pridobljeni na inštrumentu %UXNHU
$YDQFH0+]%UXNHUZDA), SULþHPHUVRELOLY]RUFLUD]WRSOjeni v d6-DMSO. 6SHNWUL105 
VRSULND]DQLYprilogi 2.  
$ONDOQR KLGUROL]RPHWLOQLK HVWURY SROLNHWLGQLK MHGHU DNWLQRSODQVNLK NLVOLQ9 in 10 smo izvedli 
SUHNRSULSUDYH'062UD]WRSLQHHNVWUDNWDNXOWXUS. rapamycinicus 5ǻaplD. Slednji je bil 
SULSUDYOMHQHQDNRNRW MHRSLVDQRYSUHMãQMHPRGVWDYNX100 μL 5M NaOH smo dodali 600 μL 
DMSO raztopine 9 in 10WDNRGDMHELOS+UHDNFLMHPHG13,5 in 14. 0HãDQLFRVPRLQNXELUDOL3 h 
pri sobni temperaturi in nato nevtralizirali s HCl. Za hidrolizo 1, 2, 3, 4, 5, 6, 11 in 12, smo 
XSRUDELOL IHUPHQWDFLMVNR EUR]JRSULPHUQLKPXWDQW LQ SULSUDYLOL HNVWUDNWH ] GYHPDYROXPQRPD
PHWDQROD/ELVWUHJDVXSHUQDWDQWDHNVWUDNWDVPRGRGDOL 200 μL suspenzije &D2+2 
J/YPHWDQROX). 0HãDQLFRVPRLQNXELUDOL3 h pri &in nato zbistrili s centrifugiranjem. 
 
3.6. Analitika UPLC-MS in HRMS  
5XWLQVNH DQDOL]H VHNXQGDUQLK PHWDEROLWRY NXOWXU S. rapamycinicus smo izvajali z ultra-
YLVRNRWODþQR WHNRþLQVNR NUomatografijo, VNORSOMHQR ] PDVQLP VSHNWURPHWURP UPLC-MS). 
9]RUFH EUR]J VPR HNVWUDKLUDOL ] GYHPD YROXPQRPD DFHWRQLWULOD LQ FHQWULIXJLUDOL %LVWer 
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supernatant ȝ/smo injicirali na C-NRORQRAgilent Poroshel 120 EC: 150 x 2,1 mm, 2,7 
μm) VWHPSHUDWXUR&LQSUHWRNRPPRELOQLKID] 0P/PLQ. Mobilna faza $S+,8): 10 mM 
amonijev formiat  PUDYOMLQþQD NLVOLQD  DFHWRQLWULO YY LQ mobilna faza % 
acetonitril PHWDQROYYVWa bili uporabljeni YJUDGLHQWQHPSURILOX.URPDWRJUDIVNRPHWRGR
smo izvedli na insWUXPHQWX8OWLPDWH7KHUPR6FLHQWLILF='$3ULþHOLsmo s 50 PRELOne 
faze B za prvih 5 min in potem v naslednjih PLQOLQHDUQRSRYHþHYDOLGHOHåPRELOQHID]H%GR
73 5H-eNYLOLEUDFLMRNRORQHVPRL]YHGOL]SRYUDWNRPQD]DþHWQHSRJRMH]DPLQ 
'HWHNFLMR]PDVQRVSHNWURPHWULMR 06VPR L]YDMDOL VSRPRþMR LCQ PDVQHJDVSHNWURPHWUD]
LRQVNRSDVWMR 7KHUPR)LVFKHU='$)NL MHRSUHPOMHQ] LRQVNLPYLURP]naHOHNWUenim FXUNRP
ESISRUD]GHOLWYLNURPDWRJUDIVNHJDWRNDYUD]PHUMX 1:1. Uporabljali smo pozitivno ionizacijo 
QDSHWRVWLRQVNHJDYLUD N9temperatura NDSLODUH &SUHWRNREWRþQLKSOLQRY 35 AU, SUHWRN
SRPRåQLKplinov 5 AU) WHU VSUHPOMDOL FHORWQLPDVQL VSHNWHU Y REPRþMX m/z 300-1000 Da. Te 
QDVWDYLWYH VR RPRJRþDOH GHWHNFLMR VSRMLQ SULPDUQR Y REOLNL SURWRQVNLK [M+H]+ in amonijevih 
DGXNWRY [M+NH4]+. Vzporedno smo uporabljali UV-DEVRUEFLMVNLGHWHNWRU]GLRGQRPUHåRNLMH
RPRJRþDOVSUHPOMDQMHDEVRUEFLMVNLKVSHNWURYYãLURNHPREPRþMXYDORYQLKGROåLQ  
0DVQRVSHNWURPHWULMRYLVRNHUHVROXFLMHHRMS) smo izvedli na QDWDQþQHP PDVQHPVSHNWURPHWUX 
Q-([DFWLYH TXDGUXSRORUELWUDS 7KHUPR Scientific, ZDA) SUL HQDNLK NURPDWRJUDIVNLK WHU
LRQL]DFLMVNLK razmerah NRW je opisano zgoraj. Instrument smo SUHG PHULWYDPL NDOLEULUDOL V
NDOLEUDFLMVNR UD]WRSLQR 3LHUFH /74 9HORV (6, 3RVLWLYH ,RQ &DOLEUDWLRQ 6ROXWLRQ 7KHUPR
Scientific, ZDA). 5DSDPLFLQVNL NURPDWRJUDIVNL YUK VPR XSRUDELOL NRW LQWHUQR NRQWrolo
QDWDQþQRVWLPHULWHY9YVHK SULPHULKMHELODQDWDQþQRVWLnstrumenta YREPRþMX ± 0,3 ppm.
3.7. 3URWLJOLYQLWHVWL 
3URWLJOLYQHWHVWHVPRL]YDMDOLYODERUDWRULMLK1RYDUWLVRYHIXQGDFLMH]DJHQRPLNR6DQ'LHJR&$
ZDA. Pri testih smo uporabili nitasto glivo Aspergillus fumigatus ATCC MYA-3627, NYDVRYNR 
Candida albicans ATCC 24433 in nitasto glivo Rhizopus oryzae ATCC MYA-4621. Kot YFHSHN 
za teste smo uporabili NRQLGLMHA. fumigatus  and R. oryzae, NLVPRMLKpridobili iz 5 dni starih 
DJDUVNLKSORãþ3'$'LIFR3RWDWR'H[WURVH$JDU%HFWRQ'LFNLQVRQ	 Co., ZDA). V primeru C. 
albicans, smo za YFHSHN XSRUDELOL WHNRþRNXOWXUR3'%'LIFR3RWDWR'H[WURVH%URWK%HFWRQ
'LFNLQVRQ	&R='$VSULEOLåQR5x106 celicamiP/ 
=D ãWXGLM VLQHUJL]PDPHGDNWLQRSODQVNRNLVOLQR$ LQ UDSDPLFLQRPVPRNXOWXUDPGRGDMDOL REH
VXEVWDQFLYUD]OLþQLKNRQFHQWUDFLMVNLKNRPELQDFLMDK*OLYQHFHOLFH a[5) smo vmešali v 1 mL 
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strdil, smo na vrh dodali 2 μL '062UD]WRSLQHGUXJHL]PHGVXEVWDQF3ORãþHVPRLQNXELUDOL
h pri &(NVSHULPHQWHVWHNRþLPLNXOWXUDPLR. oryzae smo izvajali na PLNURVNRSLUQLKSORãþLFDK
]UDVWQLPLNRPRUDPLNLVPRMLKQDSROQLOL]0,1 mL JRMLãþDPDB*RMLãþX smo dodali rapamicin 
LQDNWLQRSODQVNRNLVOLQR$YUD]OLþQLKNRQFHQWUDFLMVNLKNRPELQDFLMDK3ORãþLFHVPRLQRNXOLUDOL] 
~1x104 NRQLGLMHY R. oryzae WHU LQNXEirali 16 h pri  &0LNUR fotografije so bile posnete z 
LQYHUWQLPPLNURVNRSRP2O\PSXV,;2O\PSXV, ZDA), z uporabo fazno-NRQWUDVWQHWHKQLNH in 
REMHNWLYRPSUL20-NUDWQLSRYHþDYL.  
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4. REZULTATI
4.1. $NWLQRSODQVNHNLVOLQHSULS. rapamycinicus 
3UL SUHJOHGX VHNXQGDUQHJD PHWDERORPD VWUHVDQLK NXOWXU S. rapamycinicus smo opazili 
DNXPXOLUDQMH QRYLK VSRMLQ, nesorodnih GR VHGDM RSLVDQLP VHNXQGDUQLP PHWDEROLWRP NL VR
povezani s tem organizmom. Analiza LC-06NXOWXUS. rapamycinicus $7&&MHUD]NULOD
spojino z m/z [M+NH4]+ 966,5 YSRODUQHPGHOXNURPDWRJUDPD 6OLND12). MDVQDVSHNWURPHWULMD
]YLVRNRORþOMLYRVWMR+506MHQDND]DODPROHNXOVNRIRrmulo C51H80O16 L]PHUMHQR>01+4]+ 
L]UDþXQDQR>01+4]+ ǻSSP NDUXVWUH]DDNWLQRSODQVNLNLVOLQL$
1)9]SRUHGQRVPRRSD]LOLWYRUERGUXJHVSRMLQHYNROLþLQVNHPUD]PHUMXaJOHGHQD1) z m/z 
[M+NH4]+ 952,5 LQQDND]DQRPROHNXOVNRIRrmulo C50H78O16 L]PHUMHQR>01+@
L]UDþXQDQR>01+@ǻ-0.17 ppm). Le-ta ustreza novemu de-metilnemu analogu 
DNWLQRSODQVNHNLVOLQHNLVPRJDSRLPHQRYDOLDNWLQRSODQVNDNLVOLQD&2). Obe spojini smo izolirali 
YWUGQLDPRUIQLREOLNLEHOHEDUYH=DGRORþLWHYNHPLMVNLKVWUXNWXU 6OLND12) smo uporabili 1D 
and 2D NMR analizo 3ULORJD 3).   
Slika 12. Aktinoplanske kisline v kulturah S. rapamycinicus. A: LC-MS kromatograma kultur S. 
rapamycinicus ATCC 29253 in S. rapamycinicus R073. Prikazani so normalizirani celokupni MS podatki 
Y P] REPRþMX -1000 Da. Rapamicin in sorodne substance zasedajo desni del kromatograma. 
Ekstrahirani MS kromatogrami prikazujejo glavne aktinoplanske kisline (1, 2, 3 in 4). Prikazani so tudi 
masni spektri aktinoplanske kisline A (1) ter aktinoplanske kisline C (2). B: Prikazane so zgradbe 
aktinoplanskih kislin, ki smo jih QDãOL Y NXOWXUDK S. rapamycinicus in za primerjavo struktura glivnih 
toksinov, fumonizinov B in C. 
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1, Aktinoplanska kislina A: R=CH3




















































5, Aktinoplanska kislina B: R1=H, R2=CH3
















Fumonizin B: R1=H, OH,  R2=CH3 
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Poleg tega smo našli do sedaj neopisani, odprto-YHULåQLYDULDQWLDNWLQRSODQVNLKNLVOLQ$LQ&]m/z 
[M+NH4]+ 970.5 4) in m/z [M+NH4]+  3) Y HQDNHP UD]PHUMX a1:5 6OLND12). HRMS 
DQDOL]DVHXMHPDVSUHGODJDQLPDPROHNXOVNLPDIRUPXODPD&50H80O17 4, izmerjeno: [M+NH4]+ 
 L]UDþXQDQR >01+4]+  ǻ  SSP LQ &51H82O17 3, izmerjeno: 
[M+NH4]+  L]UDþXQDQR >01+4]+  ǻ  SSP. Ti dve spojini sta 
QDVWRSDOLYGYDUHGDYHOLNRVWLPDQMãLKNRQFHQWUDFLMDKYSULPHUMDYL]1 in 2. Kljub temu smo uspeli 
L]ROLUDWLSULPHUQRNROLþLQR 3, GDVPRODKNRSRWUGLOLNHPLMVNR]JUDGER z analizo NMR Priloga 3). 
Z analizo LC-MS VPRQDPHMLGHWHNFLMHODKNR]D]QDOLVDPRVOHGLDNWLQRSODQVNHNLVOLQH%5, m/z 
[M+NH4]+ 954.5) in njenega novega de-metilnega DQDORJD DNWLQRSODQVNH NLVOLQH ' 6, m/z 
[M+NH4]+ 968.5).  
Podobno distribucijo DNWLQRSODQVNLK NLVOLQVPRRSD]LOLYVWUHVDQLKNXOWXUDKUDSDPLFLQVNHga super-
producenta, seva S. rapamycinicus R073, NLMHYWHVQHPsorodstvu z ATCC 29253. Koncentracije 
DNWLQRSODQVNLKNLVOLQVRELOHYWHPSULPHUXSULEOLåQRGYDNUDWYLãMH 6OLND12). 3RGREQRNRW6LQJK
s sod. [55], VPRWXGLPL]DPDQSRVNXãDOLSULGRELWLNULVWDOLQLþQHREOLNHDNWLQRSODQVNLKNLVOLQNLEL
RPRJRþDOHGRORþLWHYVWHUHR-NHPLMVNHVWUXNWXUHVSRPRþMRUHQWJHQVNHGLIUDNFLMH 
4.2. *HQVNDJUXþD]D ELRVLQWH]RDNWLQRSODQVNLKNLVOLQ 
*HQRPVNR ]DSRUHGMH S. rapamycinicus ATCC 29253 [9] VPR DQDOL]LUDOL ] ELRLQIRUPDWVNLP
orodjem antiSMASH 3.0 [29]. Razmeroma YHOLN a0ES JHQRP S. rapamycinicus vsebuje 
QDGSRYSUHþQRãWHYLORSUHGYLGHQLKJHQVNLKJUXþ]DVHNXQGDUQHPHWDEROLWH0HGGUXJLPVPRQDãOL
JHQVNRJUXþRNLMHYVHERYDODJHQH]DSROLNHWLGQRVLnWD]R3.6]DUKLWHNWXURPKS-GRPHQNLVH
GREUR XMHPD V VWUXNWXUQLPL ODVWQRVWPL DNWLQRSODQVNLK NLVOLQ 7XGL QDSRYHG IXQNFLMH JHQRY NL
obdajajo PKS, MHXWUGLODVXPGDJUH]DJHQVNRJUXþR]DELRVLQWH]RDNWLQRSODQVNLKNLVOLQ ,VNDQMH
SRGREQLK]DSRUHGLMYMDYQLKSRGDWNRYQLKED]DKMHQDND]DORSULVRWQRVWSUHGYLGHQHJHQVNHJUXþH
]D DNWLQRSODQVNH NLVOLQH ãH Y GYHK DNWLQREDNWHULMVNLK JHQRPLK WR MH Y JHQRPX Streptomyces 
iranensis HM35 [80] in genomu Actinoplanes sp. N902-109 [81]. 6SULPHUMDYRYVHKWUHKJHQVNLK
JUXþ VPRY JUREHPGRORþLOLPHMH minimalne gensNH JUXþH ]DELRVLQWH]R DNWLQRSODQVNLKNLVOLQ
6OLND13, Tabela 5).  
Z namenom izboljšanja GRORþLWYH JHQRY WHU NYDOLWHWH SRGDWNRY QD VSORãQR VPR VH RGORþLOL
SRQRYQR VHNYHQcirati genom S. rapamycinicus ATCC 29253. Za to smo uporabili tehnologijo 
PacBio RS I,3DFLIILF%LRVFLHQFHV&$='$. Na podlagi tega QXNOHRWLGQHJDzaporedja smo na 
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QRYRDQRWLUDOLJHQVNRJUXþR]DDNWLQRSODQVNHNLVOLQHLQQMHQRRNROLFR1RYRJHQRPVNR]DSRUHGMH
S. rapamycinicus ATCC 29253 smo GHSRQLUDOLYED]R*HQ%DQNãt. PRJNA489197).
*HQVNDJUXþD]DDNWLQRSODQVNHNLVOLQH pri S. rapamycinicus NDåHWLSLþQRRUJDQL]DFLMRJHQVNLKJrXþ
]DVHNXQGDUQHPHWDEROLWHNLYVHEXMHMRPRGXODUQHSROLNHWLGQHVLQWD]HWLSD,6OLND13). Jedro JUXþH
VHVWDYOMDMRWULMHYHOLNLJHQL]Dmodularno 3.6aplA, aplB in aplC). Sledita jim dva gena aplD in 
aplE), NLVNXSDMNRGLUDWDNRPSRQHQWHHQR-modularne peptidne sinWHWD]HNRPS). V nadaljevanju 
ODKNRQDMGHPRJHQ]DDFLO-ACP UHGXNWD]RaplF) LQSUHGYLGHQRKLGUROD]RDFLOWUDQVIHUD]R] Įȕ 
zvijanjem aplG). 6OHGL SUHGYLGHQ WUDQVNULSFLMVNL UHJXODWRU GUXåLQH SARP Streptomyces 
$QWLELRWLF5HJXODWRU\3URWHLQNLSDQLRKUDQMHQYJHQVNLKJUXþDKGUXJLKGYHKRUJDQL]PRY 
Na drugi strani genov za PKS najdemo gen za SURVWRVWRMHþ acil-SUHQDãDOQLSURWHLQACP apl1)NL
mu sledita predvidena gena za 2-metil-citrat dehidratazo, apl2LQFLWRNURP3apl3. Medtem 
NR MH WDNãQD RUJDQL]DFLMD RKUDQMHQD SUL S. rapamycinicus in S. iranensis, SD JHQVND JUXþD SUL 
Actinoplanes sp. ne vsebuje gena za 2-metil-citrat dehidratazo. *HQVNLJUXþLSUL S. rapamycinicus 
in S. iranensis se nadaljujeta z genom za SAM-odvisno metil-transferazo, PHGWHP NR SUL
Actinoplanes sp. WDJHQYJXþLQLSULVRWHQ. 
6WHPVH]DNOMXþXMHMRQDMEROMRþLWQHSRGREQRVWLPHGWUHPLSUHGYLGHQLPLJHQVNLPLJUXþDPL*UXþH
SUL SRVDPH]QLK RUJDQL]PLK VH VLFHU QDGDOMXMHMR ] JHQL NL EL ODKNR VPLVHOQR IXQNFLMVNR
QDGJUDMHYDOL ELRVLQWH]R DNWLQRSODQVNLK NLVOLQ JHQL ]D $%& WUDQVSRUWHUMH JHQL ]D
Slika 13 2UJDQL]DFLMD JHQVNLK JUXþ ]D ELRVLQWH]R DNWLQRSODQVNH NLVOLQH *UDILþQL SULND] SUHGYLGHQLK
JHQVNLK JUXþ ]D DNWLQRSODQVNH NLVOLQH SUL Streptomyces rapamycinicus ATCC 29253, Streptomyces 
iranensis HM35 in Actinoplanes sp. N902-109. Skala velikih genov za PKS je stisnjena za 5-krat. Geni 
JUXþH ]DDNWLQRSODQVNHNLVOLQHSULS. rapamycinicus VRR]QDþHQLVSUHGODJDQLPLLPHQL³&'6ORFXVWDJ´
oznake, kot jih najdemo v deponiranih genomih v podatkovni bazo GenBank, so podane v TabelL 5. 
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GYRNRPSRQHQWQHVLVWHPHVHQ]RU-regulator itd., 6OLND13), vendar pa ti niso ohranjeni in jih zato 
nismo upoštevali NRWGHOPLQLPDOQHJHQVNHJUXþH  
4.3. aplA, aplB in aplC NRGLUDMRSROLNWHWLGQRVLQWD]RDNWLQRSODQVNLKNLVOLQ 
AnDOL]D DUKLWHNWXUH NDWDOLWLþQLK domen SROLNHWLGQH VLQWD]H 3.6 V SRPRþMR algoritmov 
antiSMASH je napovedala, da geni aplA, aplB in aplC NRGLUDjo SROLNHWLGQo sintazo s 15 moduli. 
6HVWDYDNDWDOLWLþQLKGRPHQYPRGXOLK WHU napoved uporabe podaljševalnih substratov se dobro 
ujemata VVWUXNWXUQLPLODVWQRVWPLSROLNHWLGQHJDMHGUDDNWLQRSODQVNLKNLVOLQ6OLND14A). Pogosto 
modularQHSROLNHWLGQHVLQWD]HWLSD,YVHEXMHMRGRPHQHSUHGYVHPGRPHQHUHGXNFLMVNLK]DQNNL
VR JOHGH QD VWUXNWXUR QMLKRYLK SURGXNWRY QHDNWLYQH 7XGL SUL QDSRYHGL GRPHQ 3.6 za 
DNWLQRSODQVNH NLVOLQH QDMGHPR YHþ GHKLGUDWD]QLK '+ GRPHQ NL PRUDMR ELWL QHDNWLYQH GD




Tabela 5. Geni za biosintezo aktinoplanskih kislin in napoved njihove funkcije. Prikazane so predvidene 
JHQVNHJUXþH]DDNWLQRSODQVNHNLVOLQH L]JHQRPRYS. rapamycinicus ATCC 29253 [17], Streptomyces 
iranensis HM35 [18] in Actinoplanes sp. N902-109 [19]. Geni pri posameznem organizmu so definirani z 
»CDS locus tag« oznakami, kot jih najdemo pri deponiranih genomih v podatkovni zbirki NCBI.
GenBDQN³&'6ORFXVWDJ´R]QDND 
ORF 3RGREQRVW)XQNFLMD S. rapamycinicus Actinoplanes sp. S. iranensis
aplR SARP WUDQVNULSFLMVNLDNWLYDWRU M271_40540-45 1$ 1$ 
aplG KLGUROD]DDFLOWUDQVIHUD]D M271_40535 L083_RS14630 SIRAN883 
aplF acil- $&3UHGXNWD]D M271_40530 L083_RS14625 SIRAN884 
aplE N536NRQGHQ]DFLMD) M271_40525 L083_RS14620 SIRAN885 
aplD 1536DGHnilacija in PCP) M271_40520 L083_RS14615 SIRAN886 
aplC 3.6PRGXOL-15) M271_40500-15 L083_RS14610 SIRAN887-91 
aplB 3.6PRGXOL-10) M271_40495 L083_RS42215-45 SIRAN892 
aplA 3.6PRGXOL-6) M271_40485-90 L083_RS14600 SIRAN893-8 
apl1 acil-prenašalni protein M271_40480 L083_RS40435 SIRAN898 
apl2 2-metil-citrat dehidrataza M271_40475 1$ SIRAN899 
apl3 FLWRNURP3 M271_40470 L083_RS14590 SIRAN900 
apl4 KLGUROD]DDciltransferaza M271_40465 L083_RS14585 SIRAN902 
apl5 SAM-odvisna metil-tansferaza M271_40460 1$ SIRAN903 
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na odsotnost acil-SUHQDãDOQHJD SURWHLQD $&3 LQ NDWHUHNROL GRPHQH UHGXNFLMVNH ]DQNH
predvidevamo, GDRPHQMHQLRVWDQNLQLPDMRYORJHSULELRVLQWH]LSROLNHWLGQHJDMHGUDDNWLQRSODQVNLK
NLVOLQNa SRGODJLRKUDQMHQHJDDPLQRNLVOLQVNHJDPRWLYDQSSSLV [82] v .6GRPHQL]DþHWQHJD
modula SUHGODJDPRGDMH]DþHWQLVXEVWUDW]DVLQWH]RSROLNHWLGDPDORQLO-&R$NLVHREiniciaciji 
VLQWH]HGHNDUERNVLOLUD 
V 5' del gena aplA v S. rapamycinicus 5VPRYQHVOLGHOHFLMR]]DPLNRPEUDOQHJDRNYLUMD
0XWDQWRVPRSULSUDYLOL]XUHMDQMHPJHQRPDSUHNRmetodologije CRISPR-Cas9. LC-MS analiza 
NXOWXUS. rapamycinicus 5ǻaplA MH SRND]DOD SRSROQR RGVRWQRVW ELRVLQWH]H DNWLQRSODQVNLK
NLVOLQ6OLND14%3RGUXJLVWUDQLMHSURGXNWLYQRVWRVWDOLKVHNXQGDUQLKPHWDEROLWRYUDSDPLFLQD
elaiofilina in nigericina) ostala na primerljivi ravni glede na divji tip seva 6OLND30). Ta rezultat 
QDND]uMHGDMHSROLNHWLGQDVLQWD]D, opisana v tem poglavju, RGJRYRUQD]DELRVLQWH]RSROLNHWLGQHJD
MHGUD DNWLQRSODQVNLK NLVOLQ In trans NRPSOHPHQWDFLMVNLK HNVSHULPHQWRY Y WHP SULPHUX QLVPR
L]YHGOL]DUDGLWHKQLþQLKRPHMLWHYSULNORQLUDQMXLQSUHQRVXYHOLNLKJHQRY]DSROLNHWLGQRVLQWD]R 
4.4. 0RGXOSULSROLNHWLGQLVLQWD]LMHSURPLVNXLWHWHQ
2GNULWMH QRYLK DQDORJRY DNWLQRSODQVNLK NLVOLQ NL LPDMRPHWLOQR QDPHVWR HWLOQH VNXSLQH na 4. 
RJOMLNXYSROLNHWLGQLYHULJL, daje slutiti, da MH$7GRPHQDPRGXODSROLNHWLGQHVLQWD]HGRQHNH
PHUHSURPLVNXLWHWQD3URPLVNXLWHWDGRORþHQLK$7GRPHQSROLNHWLGQLKVLQWD]WLSD,MHGRNDMSRJRVW
pojav, posebno pri AT domenah, NL VR VSHFLILþQH ]D DFLlmalonil-CoA substrate z daljšimi 
substituenti [21]. 9WHKSULPHULKMHGHOHåYJUDGLWYH GRORþHQHJDSRGDOMãHYDOQHJDVXEVWUDWDYYHOLNL
meri odvisna od relativne dostopnosti v primerjavi s NRQNXUHQþQLPLVXEVWUDWLYFHOLFL7DODVWnost 
RPRJRþD FHOR PDQLSXODFLMR V SROLNHWLGQR ELRVLQWH]R VDM ODKNR Y RGVRWQRVWL ]QRWUDM-FHOLþQH
biosinteze primernih podaljševalnih-&R$ VXEVWUDWRY ] HNVWHUQLP GRKUDQMHYDQMHP GRVHåHPR
HNVNOX]LYQRYJUDGQMRåHOMHQLKVXEVWUDWRY[83].   
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2GORþLOL VPR VH, GD SRVNXVLPR ]PDQMãDWL ]QRWUDMFHOLþQH ]DORJH HWLOPDORQLO-CoA v S. 
rapamycinicus LQ QDWR L]PHULWL YSOLY QD GLVWULEXFLMR DNWLQRSODQVNLK NLVOLQ ]PHWLOQR R] HWLOQR
VNupino na poziciji 4. V ta namen VPRNRWWDUþRL]EUDOLNrotonil-CoA UHGXNWD]H&&5HQFLPH, 
NLVRNOMXþQi pri biosintezi etilmalonil-CoA 6OLND15). Pri pregledu genoma VPRQDãOLYHþdobro 
ohranjenih homologov. Dva primera 0B in M271_13255) sta se rrazmeroma PRþQR
L]UDåDODJOHGHQDT3&5DQDOL]R$QDOL]D]DSRUHGLM YJHQRPVNHPNRQWHNVWX MHSRND]DOD GD VH
0BQDKDMDYHODLRILOLQVNLJHQVNLJUXþL7DELRVLQWH]QDSRWMHSR]QDQDSRvgrajevanju 
etilmalonil-CoA podaljševalnih eQRWYSROLNHWLG [54, 84]. Druga CCR 0Bje locirana 
poleg predvidene etilmalonil-&R$PXWD]HNDUMR]YHOLNRYHUMHWQRVWMRSRVWDYLYNRQWHNVWGREUR
ohranjene etilmalonil-&R$ (0& SRWL NL YRGL RG DFHWLO-&R$ SUHNR propionil-CoA in 
metilmalonil-&R$GRVXNFLQLO-CoA [85].  
Pripravili smo mutanto S. rapamycinicus z delecijo v CCR genu M271_06415 in pri tem ohranili 
EUDOQLRNYLUNRGLUDMRþHUHJLMH3UHNR analize LC-MS smo primerjali fenotip te mutante z izvornim 
Slika 16. LC-MS primerjava fenotipov CCR mutant. Normalizirani LC-MS kromatogrami s celokupnimi 
06 SRGDWNL Y REPRþMX -100 Da prikazujejo fenotipe kultur S. rapamycinicus R073 (w.t.), S.
rapamycinicus 5ǻ0BLQS. rapamycinicus 5ǻ0Bǻ0B2]QDþHQL
so rapamicin ter 1 in 2. Zaradi nizke koncentracije v primerjavi z ostalimi komponentami, so 
homorapamicini prikazani na ekstrahiranem MS kromatogramu z m/z [M+NH4]+ 945,5. Elaiofilin pa je 
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sevom, S. rapamycinicus R073. Nivojev podaljševalnih-CoA substratov nismo neposredno merili, 
YHQGDU VPR SR QLåMLK UHODWLYQLK NRQFHQWUDFLMDK HODLRILOLQD LQ SUHG NUDWNLP RSLVDQLK DQDORJRY
rapamicina, homorapamicinov [86], VNOHSDOL GD VR VH ]QRWUDMFHOLþQHNRQFHQWUDFLMH HWLOPDORQLO-
&R$GHMDQVNR]QLåDOH 6OLND16).  
OSD]LOLVPRWXGLGDVHMHUD]PHUMHPHGDNWLQRSODQVNLPDNLVOLQDPD$ 1) in C 2) spremenilo iz 
5:1 na 2:1 pri S. rapamycinicus R073 ǻ0BPHGWHPNRMHYVRWDREHKDNWLQRSODQVNLK
NLVOLQRVWDODQDSRGREQi ravni.RVPRDQDOL]LUDOLNXOWXURGYRMQHPXWDQWH CCR, S. rapamycinicus 
5ǻ0Bǻ0B, VHMHUD]OLNDY UD]PHUMXãHSRYHþDODLQVLFHUMHSUHãODL]
pri izvornem sevu na 1:5 pri mutanti v dveh genih CR 6OLND14C). 
Zgornji rezultati potrjujejo, da je L]LGELRVLQWH]QHSRWL]DDNWLQRSODQVNHNLVOLQHRGYLVHQRGUD]PHULM




MRGRVHJOL SUHNRGHOHFLM Y genih CCR. Rezultati tudi delno pRMDVQMXMHMR UD]QROLNRVWSURGXNWRY
ELRVLQWH]QHSRWL]DDNWLQRSODQVNHNLVOLQH 9VHHQRSDMHDNWLQRSODQVNDNLVOLQD$QDMYHUMHWQHMHSUDYL
NRQþQL SURGXNW ELRVLQWH]QH SRWL VDM JOHGH QD GRVHGDQMH REMDYH [57] NDåH GD MH DNXPXODFLMD 
GH]PHWLOQLKDQDORJRYDNWLQRSODQVNLKNLVOLQSULS. rapamycinicus SUHML]MHPDNRWSUDYLOR 
4.5. AFLODFLMRs trikarbalilno kislino NDWDOL]LUDWD$SO'LQ$SO( 
*HQDaplD in aplENL VHYJHQVNLJUXþLDNWLQRSODQVNHNLVOLQHQDKDMDWDQHSRVUHGQR]DJHQL]D
SROLNHWLGQR sintazo, SUHGYLGRPDNRGLUDWDNRPSRQHQWHSHSWLGQH VLQWD]H 1536 ] HQLP VDPLP
modulom. *HQ aplD NRGLUD DGHQLODFLMVNR $ Gomeno in peptidil-prenašalni SURWHLQ 3&3
PHGWHP NR aplE NRGLUD NRQGHQ]DFLMVNR & GRPHno Tabela 5). .RGLUDMRþL UHJLML JHQRY VH
SUHNULYDWDLQVWDYHUMHWQRGHOEL-FLVWURQVNHJDRSHURQD 
V gen aplD S. rapamycinicus 5VPRVSRPRþMR&5,635-Cas9 vnesli delecijo z ohranitvijo 
EUDOQHJD RNYLUMD. *OHGH na analizo z LC-MS je mutacija SRY]URþLOD L]JXER SURGXNFLMH YVHK
DNWLQRSODQVNLK NLVOLQ 1DPHVWR QMLK VR NXOWXUH DNXPXOLUDOH JROD SROLNHWLGQD SURGXNWa 7 m/z 
[M+H]+ 635,5) in 8 m/z [M+H]+ 621,5) ter njuna metilna estra 9 in 10 6OLND17A). Metilna 
HVWHULILNDFLMDSROLNHWLGQLKMHGHUMHQHSULþDNRYDQDVDMMHQHRSD]LPRSULQREHQHPGUXJHPSURGXNWX
ELRVLQWH]QHSRWLDNWLQRSODQVNLKNLVOLQ MRåQRje, da sta 9 in 10 stransNDSURGXNWDYELRVLQWH]QL
SRWLSULþHPHUPRUDELWLPHWLO-transferaza, odgovorna za tvorbo teh metilnih estrov, VHOHNWLYQD]D
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neacilirana intermediata 7 in 8. =QRWUDMJHQVNHJUXþH]DDNWLQRSODQVNHNLVOLQHSULS rapamycinicus 
smo našli gen za prevideno SAM-odvisno metil-transferazo razreda I, apl57LHQFLPLVLFHUODKNR
NDWDOL]LUDMRWYRUERPHWLOQLKHVWURY [87, 88], vendar pa apl5 QLRKUDQMHQYJHQVNLKJUXþDKYVHKWUHK
JRVWLWHOMHY]DWRSUHGYLGHYDPRGDQLPDNULWLþQHJDSRPHQD]DGHORYDQMHELRVLQWH]QHSRWL 
Slika 17. Fenotipi mutant S. rapamicinicus z delecijami v genih aplD in aplE. Ekstrahirani LC-MS 
kromatogrami prikazujejo najbolj zastopani aktinoplanski kislini 1 in 2 ter gola produkta poliketidne sintaze 
7 in 8 z njunima metilnima estroma 9 in 10. Na vertikalnih oseh so prikazane normalizirane intenzitete. A: 
Primerjava fenotipov kultur S. rapamycinicus K073 (w.t), ǻaplD mutante ter seva z in trans
komplementacijo operona aplDE ǻDSO'DWW%ĭ&DSO'( Prikazane so tudi kemijske zgradbe 7 in 8. 
B: Primerjava fenotipov kultur S. rapamycinicus K073 (w.t), ǻaplE mutante in seva z in trans
komplementacijo operona aplDE ǻaplE DWW%ĭ&DSO'( Prikazane so tudi kemijske zgradbe 
stranskih produktov 9 in 10. 
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Zgoraj RPHQMHQDSROLNHWLGQDMHGUDNLVHPHGVHERMUD]OLNXMHMRSRSULVRWQRVWL metilne ali etilne 
YHULJH QD SRORåDMX  VH Y NXOWXUDKPXWDQW DNXPXOLUDMR Y HQDNHP UD]PHUMX , NRW JD ODKNR
RSD]LPRPHGDNWLQRSODQVNLPLNLVOLQDPL$ 1 LQ& 2) v izvornem sevu. (QDNH UH]XOWDWH VPR
opazili, NRVPRGHOHFLMR]RKUDQLWYLMREUDOQHJDRNYLUMDYQHVOLYJHQaplE 6OLND17%3ROLNHWLGQD
jedra 7 in 8 VPRXVSHOL SULGRELWL WXGL VLQWHWLþQR] DONDOQRKLGUROL]R DYWHQWLþQLK DNWLQRSODQVNLK
NLVOLQ%5LQ'6NRWWXGLL]PHWLOQLKHVWrRYSROLNHWLGQLKMHGHU9 in 10 6OLND18.HPLMVNH
zgradbe 7 in 8 smo poleg tega potrdili tudi s primerjalno analizo LC-+50606 hidrolizatov iz 
Slika 18. Alkalna hidroliza metilnih estrov poliketidnega jedra aktinoplanskih kislin. A: Ekstrahirani LC-MS
kromatogrami prikazujejo spojine 7, 8, 9 in 10 pri ekstraktu kulture S. rapamycinicus 5 ǻaplD in
HNVWUDNWXSRGYUåHQHPXDONDOQLKLGUROL]L Intenzitete na vertikalni osi so normalizirane. 9  je metilni ester 
poliketida 7; 10 je metilni ester poliketida 8. Ob straneh so prikazani masni spektri posameznih spojin. B: 
HRMS/MS; pRQRYOMLYD IUDJPHQWDFLMDPHG RJOMLNRPD  LQ  NL RPRJRþD GRORþLWHY ORNDFLMH GRGDWQH
metilne skupine pri 9 in 10(QDNIUDJPHQWDFLMVNLY]RUHFMH]QDþLOHQWXGL]DVSRMLQL5 in 6. 
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R=H m/z [M+H]+: 253,17942
(L]UDþ. 253,18037, ǻ -3,8 ppm)
C16H27O3Ú
R=CH3 m/z [M+H]+: 267,19536
(L]UDþ. 267,19602, ǻ -2,47 ppm)
7 (R=H): m/z [M+H]+: 635,52426
(L]UDþ. 635,525065, ǻ -0,64 ppm)
9 (R=CH3): m/z [M+H]+: 649,54022





R=H m/z [M+H]+: 239,16440
(L]UDþ. 239,16472, ǻ -1,34 ppm)
C15H25O3Ú
R=CH3 m/z [M+H]+: 253.17985
(L]UDþ. 253,18037, ǻ -2,25 ppm)
8 (R=H): m/z [M+H]+: 621,50867
(L]UDþ. 621,509415, ǻ -0,55 ppm)
10 (R=CH3): m/z [M+H]+: 635,52484
(L]UDþ. 635,525065, ǻ= 0,27 ppm)
B
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WHKUD]OLþQLKYLURY 6OLND. +506SRGDWNL]DSROLNHWLGQDMHGUD 7, C39H70O6L]PHUMHQR>0+@+ 
 L]UDþXQDQR >0+@+  ǻ -0,64 ppm. 8, C38H68O6 L]PHUMHQR [M+H]+ 
 L]UDþXQDQR [M+H]+  ǻ - SSP PHWLOQL HVWUL SROLNHWLGQLK MHGHU 9, 
C40H72O6 L]PHUMHQR [M+H]+  L]UDþXQDQR [M+H]+  ǻ -0,15 ppm. 10, 
C39H70O6L]PHUMHQR[M+H]+ L]UDþXQDQR[M+H]+ 6ǻSSP 
In trans NRPSOHPHQWDFLMRmutacij v genih aplD in aplE smo pripravili WDNRGDVPRYPXWDQWH
vnHVOL NURPRVRPVNR LQWHJULUDQo NRSLMo operona aplDE pod nadzorom PRþQHJD SURPRWRUMD 
ermE*. Po analizi z LC-MS WHKNXOWXUVPRRSD]LOLSRSROQRUHYHU]LMRIHQRWLSDNLVHMHRGUDåDOD v 
normalni SURGXNFLMLDNWLQRSODQVNLKNLVOLQ1, 2, 3 in 4 WHUVNRUDMSRSROQHPL]JLQRWMXDNXPXODFLMH
SROLNHWLGQLKMHGHU 7, 8, 9 in 10 6OLND17). 7LUH]XOWDWLSRWUMXMHMRGDMHDFLODFLMDSROLNHWLGQLKMHGHU
DNWLQRSODQVNHNLVOLQHVWULNDUEDOLOQRNLVOLQRNDWDOL]LUDQDVVWUDQL1536NLMHNRGLUDQD]aplD in 
aplE*UH]D]HORQHQDYDGQRHQFLPDWLNRVDMSHSWLGQDVLQWHWD]DYWHPSULPHUXWYRULHVWHUVNo in ne 
amidno vez.  
Modularne NRPS ter hibridni PKS-NRPS NRPSOHNVL WLSLþQR GHOXMHMR NRW WHNRþL WUDNRYL ]D
SRGDOMãHYDQMH YHULJH 5DVWRþD YHULJD MH V WHUPLQDOQR NDUERNVLOQR VNXSLQR SULSHWD QD DFLO-
prenašalni oz. peptidil-SUHQDãDOQL SURWHLQ YPRGXOX NL MH ELO ]DGQML Y GHORYDQMX.DUERNVLOQD
VNXSLQDUDVWRþHYHULJHVHVWHPY]GUåXMHYDNWLYLUDQHPVWDQMX]DNRQGHQ]DFLMRV podaljševalnim 
VXEVWUDWRPNLþDNDSUDYWDNRWLRHVWHUVNRSULSHWQDnaslednjem PRGXOX6OLND201DWDQDþLQMH
GRORþHQDVPHUSRGDOMãHYDQMDYHULJH [18]. Nasprotno pa ima peptidna sintetaza biosintezne poti 
DNWLQRSODQVNLKNLVOLQIXQNFLMRYSRVW-PKS ornamentiranju in deluje na mesta, NLVRRGGDOMHQDRG
WHUPLQDOQHNDUERNVLOQHVNXSLQHSROLNHWLGQHJDMHGUD6OLND20=DWRQHWLSLþQRDNWLYQRVWQLQXMQR, 
da bi bil substrat za acilacijo, to je novonastDOR SROLNHWLGQR MHGUR SULSHW QD IRVIRSDQWHWHQLOQR
VNXSLQR$&3DOL3&37D]DKWHYDYnašem primeru YHOMD]JROM]DDNWLYLUDQSRGDOMãHYDOQLVXEVWUDW
DOLQDWDQþQHMH, za donorja acilne verige.  
Razmeroma YLVRNDNROLþLQDGRNRQþDQLKLQVSURãþHQLKSROLNHWLGQLKMHGHUNLVPRMRL]PHULOLSUL
mutantah genov aplD in aplE, potrjuje, da se ti intermediatL ODKNR XVSHãQR VSURãþDMR L]$&3
SROLNHWLGQH VLQWD]H WXGL þH QLVR QDGDOMH DFLOLUDQL0DMKQH NROLþLQH spojin 7, 8, 9 in 10 ODKNR
zaznamo tudi pri divjem tipu S. rapamicinicus 6OLND 17). 8SRãWHYDMRþ YVH QDãWHWR ODKNR
]DNOMXþLPRGDpeptidna sintetaza $SO'$SO(]YHOLNRYHUMHWQRVWMRGHOXMHQDVSURãþHQLKSURGXNWLK
PKS. Po ELRLQIRUPDWVNLQDSRYHGLNDWDOLWLþQLKGRPHQ3.6DNWLQRSODQVNLKNLVOLQVLFHUQHYVHEXMH
WLRHVWHUD]QH GRPHQH YHQGDU SD EL ODKNR WR IXQNFLMR RSUDYOMDOD HQD L]PHG SUHGYLGHQLK
KLGUROD]DFHWLOWUDQVIHUDzNLVWDNRGLUDQL]QRWUDMJHQVNHJUXþHaplG, apl4).  
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Z namenom GRND]Dti, GDMH1536]PRåQDDFLODFLMHVSURãþHQLKVXEVWUDWQLKSROLNHWLGRY7 in 8, smo 
slednje GRKUDQMHYDOL NXOWXUDPPXWDQWH S. rapamycinicus ǻaplA, Y NDWHUR VPR YQHVOL GRGDWQR
LQWHJULUDQR NRSLMR RSHURQD aplDE. *OHGH QD NRPSOHPHQWDFLMVNH HNSHULPHQWH, opisane zgoraj 
6OLND17ELPRUDOWDHNSUHVLMVNLNRQVWUXNW]DJRWDYOMDOLXþLQNRYLWRL]UDåDQMH peptidne sintetaze. 
.OMXEYHþSRVNXVRPNL VPR MLK UD]ãLULli na in vitro eNVSHULPHQWH ]EUH]-FHOLþQLPL HNVWUDNWL Y
prisotQRVWL UD]OLþQLK GRQRUMHY DFLOQH VNXSLQH WHU $73 QLVPR XVSHOL SULGRELOL SUHSULþOMLYLK
GRND]RY9HUMHWHQUD]ORJ]DQHXVSHãQRVWMHVODEDWRSQRVWLQWHUPHGLDWRY 7 in 8 v voGQHPRNROMu 
pri milih razmerah. Intermediatov 7, 8, 9 in 10 v vzorcih LQWDNWQLKDOLKRPRJHQL]LUDQLKNXOWXUS. 
rapamycinicus ǻaplD QDPUHþQLPRJRþH]D]QDWL razen, þH]DSULSUDYRXSRUDELPRRUJDQVNRWRSLOR
DFHWRQLWULOPHWDQRO6OLND19).  
2SLVDQLKMHOHQHNDMSULPHURYNRPS sistemov, NLWYRULMRHVWHUVNo vez [89], zato biosintezna pot 
DNWLQRSODQVNHNLVOLQHSRPHPEQRSULVSHYDNWHMPDMKQLYHQGDU UDVWRþLVNXSLQLSRVHEQHåHYPHG 
peptidnimi sintetazami. Zanimivo, prvi opisani encim s tovrstnim delovanjem je )XP iz 
ELRVLQWH]QHSRWL IXPRQL]LQRY LQ MHSROHJ$SO'$SO)HGLQL, NLNDWDOL]LUDHVWUHQMHV WULNDUEDOLOQR
NLVOLQR[67, 90]. Za Fum14, NLNRGLUD C domeno in PCP, MHELORSRND]DQRGDODKNRDFLOLUDQHSULSHW
PKS intermediat in vitro [67]. 3UHG NUDWNLP MH ELO SRGUREQR SUHXþHQ ãH HQ SUHGVWDYQLN teh 
SURVWRVWRMHþLK&GRPHQNi tvorijo HVWHUVNo vez, SgcC5 [91]. Tudi za SgcC5, NLMHVLFHUXGHOHåHQ
YELRVLQWH]LVWUHSWRPLFHWQHJDHQHGLHQVNHJDNURPRIRUMDC-1027 [92], MHELORSRWUMHQRGDNDWDOL]LUD
acilacijo prostega substrata. Na SRGODJL ILORJHQHWVNLK UHODFLM DYWRUMLzgornjih študij predlagajo 
Slika 19. Topnost poliketidnih intermediatov 7, 8, 9 in 10. LC-MS kromatogrami kultur S. rapamycinicus 
ǻDSO$DWW%ĭ&DSO'( neposredno po dodatku DMSO raztopine ekstrakta kulture S. rapamycinicus 
ǻaplD. Ekstrahirani kromatogrami prikazujejo gola produkta poliketidne sintaze 7 in 8 z njunima metilnima 
estroma, 9 in 10. Na vertikalnih oseh so prikazane normalizirane intenzitete. A: Primerjava vzorcev, 
UHGþHQLK]YRGRR]DFHWRQLWULORP%[SRYHþDQDYHUWLNDOQDRVLVtih kromatogramov. 
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novo druåLQR&HQFLPRYNLWYRULMRHVWHUVNHYH]L7RGUXåLQRVHVWDYOMDMR QHRNDUDNWHUL]LUDQLþODQL
NL WYRULMR ]QDþLOQR NODGR RNURJ 6JF& LQ YVHEXMHMR HHXXXDX14Y DPLQRNLVOLQVNL PRWLY Y
DNWLYQHPPHVWX [91].  
= XSRUDER SRGDWNRYQHJD QL]D zgornje študije smo zgUDGLOL ILORJHQHWVNR GUHYR 1536
NRQGHQ]DFLMVNLKGRPHQSURWHLQRYLQSULWHPYNOMXþLOLWXGLKRmologe Fum14 in AplE. Ugotovili 




Slika 20. Filogenetska analiza kondenzacijskih domeQSHSWLGQLKVLQWHWD]$)LORJHQHWVNRGUHYRUD]OLþQLK 
tipov kondenzacijskih domen/proteinov, ki so del kompleksov peptidnih sintetaz. Uporabljena je bila 
PHWRGDSULEOLåQRQDMYHþMHYHUMHWQRVWL)DVW7UHHVSUHYHUMDQMHPYHUMHWQRVWLSUHNRYDULDQWGUHYesa. 
1DWDQþQHMãLSULND]GUHYHVDMHYprilogi 4. Prikazano je tudi delovanje kondenzacijskih domen oz. peptidnih 
VLQWHWD]NLVHVWDYOMDMRSHSWLGHSRQDþHOXWHNRþHJDWUDNXPRGUHWHUNRQGHQ]DFLMVNLKGRPHQNLGHOXMHMR
na prostem akceptorskem substratu (rumene in zelene). B: Ohranjenost aminokislinskega motiva v 
DNWLYQHPPHVWX3RUDYQDYDYHþ]DSRUHGLMMHELODQDUHMHQD]DNRQVHQ]XVYVD]DSRUHGMDXSRUDEOMHQDSUL
izgradnji filogenetskega drevesa;  Fum14 -  pet analogov iz Fusarium in Aspergillus; AplE- trije poznani 
analogi AplE; in SgcC5 – zbirka zaporedij predvidenih kondenzacijskih domen, podobnih SgcC5. Gre za 
peptidne sintetaze, ki tvorijo estersko vez.  
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4.6. Izvor trikarbalilne VNXSLQH 
Pri biosintezi glivnih IXPRQL]LQRYL]YLUD]DþHWQLEORN]DL]JUDGQMRWULNDUEDOLOQHVWUDQVNHYHULJHL]
.UHEVRYHJD FLNOD *UH ]D FLV-DNRQLWDW NUDWNRåLYHþL LQWHUPHGLDW DNRQLWD]H SUL UHYHU]LELOQL
izomerizaciji citrata v izocitrat. Pri tem sodeluMH VSHFLILþHQ PLWRKRQGULMVNL WUDQVSRUWHU NL MH
NRGLUDQ Y IXPRQL]LQVNL JUXþL JHQRY )XP 7D WUDQVSRUWHU RGYDMD FLV-DNRQLWDW RG YLVRNo-
UHYHU]LELOQH PLWKRQGULMVNH DNRQLWD]H .UHEVRYHJD FLNOD LQ JD XVPHUMD N ELRVLQWH]QL SRWL ]D
fumonizin [93]. Cis-DNRQLWDW MH WDNR VXEVWUDW ]D DGHQLODFLMVNR GRPHQRNRPS NL VRGHOXMH SUL
DFLODFLMLIXPRQL]LQRYV WULNDUEDOLOQRNLVOLno [67]. Zelo podoben mehanizem je prisoten tudi pri 
zagotavljanju cis-DNRQLWDWD]DELRVLQWH]RLWDNRQDWDSUL Aspergillus terreus [94]. 
Zaradi odsotnosti FHOLþQH NRPSDUWPHQWDOL]DFLMH WDNãQR SURVWRUVNR RGYDMDQMH NUDWNR åLYHþLK 
LQWHUPHGLDWRYSULEDNWHULMDKQLPRJRþH=DWRVHSRUDMDPRåQRVWGDVH]DþHWQLEORN]DWULNDUEDOLOQR
VNXSLQRSULELRVLQWH]LDNWLQRSODQVNLKNLVOLQ]DJRWDYOMDneposredno L].UHEVRYHJDFLNOD(GHQRG
PRåQLKPHKDQL]PRYNLELODKNRSRYHþDOLGRVWRSQRVWintermediata L].UHEVRYHJDFLNOD, VHNDåH v 
prisotnosti predvidenega gena za PHWLOFLWUDWGHKLGUDWD]RL]VXSHUGUXåLQH0PJ(3US'apl2NL
VHQDKDMDQHSRVUHGQRSUHGYHOLNLPLJHQL]DSROLNHWLGQRVLQWD]RYJHQVNLJUXþL]DDNWLQRSODQVNH
NLVOLQH SULS. rapamycinicus. 'RORþHQH EDNWHULMVNHPHWLOFLWUDW-GHKLGUDWD]H ODKNR QDPUHþ poleg 
metilcitrata NDWDOL]LUDMRWXGLGHKLGUDFLMRFLWUDWDLQL]RFLWUDWDYHQGDU]QHNROLNRPDQMãRKLWURVWMR
9QDVSURWMX]DNRQLWD]R.UHEVRYHJDFLNODSDVRWLHQFLPL]HORVODELSULUHKLGUDFLMLFLV-DNRQLWDWDLQ
Slika 21. Fenotip mutante S. rapamicinicus R073 z delecijo v genu apl2. Ekstrahirani LC-MS kromatogrami 
prikazujejo najbolj zastopani aktinoplanski kislini 1 in 2 ter gola produkta poliketidne sintaze, 7 in 8, z 
njunima metilnima estroma, 9 in 10. Na vertikalnih oseh so prikazane normalizirane intenzitete. Kulture 
VPR JRMLOL Y JRMLãþXRAP-1P in njegovi izpeljanki, RAP-1Pa, NMHU VPR ]QLåDOL NRQFHQWUDFLMR JOXNR]H LQ
maltodekstrina na 5 g/L ter dodali 10 g/L glutamata ]QDPHQRP]QLåDQMDPHWDEROQHJDWRNDSUHNRDNRQLWD]H
Krebsovega cikla. 
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VRURGQLK QHQDVLþHQLK VSRMLQ [95]. 1DãH SUHGSRVWDYNH smo preverili z uvedbo delecije znotraj 
EUDOQHJDRNYLUDJHQDapl2.OMXEWHVWLUDQMXYUD]OLþQLKJRMLãþLKLQYSULVRWQRVWLFLV-DNRQLWDWDDOL
trans-DNRQLWDWDPXWDQWDYgenu apl2 QLND]DODRPHPEHYUHGQLKIHQRWLSVNLKUD]OLNYSULPHUMDYL]
L]YRUQLP VHYRP 6OLND 21, 6OLND 22 .DåH, da vloga Apl2 pri rastnih razmerah, NL VPR MLK
XSRUDELOL QL NULWLþQD ]D ELRVLQWH]QRSRW DNWLQRSODQVNLKNLVOLQPRåQRSD MH GD VHQMHQDYORJD
SRNDåHYGUXJDþQHPIL]LRORãNHPNRQWHNVWX 
ýH SRWHJQHPR vzporednice V IXPRQL]LQVNR ELRVLQWH]QR SRWMR LQ SUHGYLGHYDPR GD MH ]DþHWQL
VXEVWUDW]DL]JUDGQMRWLUNDUEDOLOQHVNXSLQHFLV-DNRQLWDWNLL]KDMDL].UHEVRYHJDFLNODSRWHPPRUD
obstajati UHGXNWLYQD HQFLPVNDVWRSQMDNLQDVLþLGYRMQRYH]PHGRJOMLNRPDLQ1HSRVUHGQo za 
parom genov aplE/aplD VPR Y JHQVNL JUXþL ]D DNWLQRSODQVNH NLVOLQH QDãOLgen za predvideno 
1$'3+-odvisno NUDWNRYeULåQR UHGXNWD]R DFLO-$&3 UHGXNWD]R aplF. Pregled podobnosti 
]DSRUHGMDLQDQDOL]DRKUDQMHQRVWLGRPHQQDND]XMHta, da je AplF YQDMEOLåMHm sorodstvu z enoil-
$&3 UHGXNWD]DPL (5 in 3-oxoacil-$&3 UHGXNWD]DPL .5 NL VR YSOHWHQH Y ELRVLQWH]R
PDãþREQLKNLVOLQSROLNHWLGRYWHUQHNDWHULKQH-ribosomalnih peptidov. Zanimivo je, da je gen aplF 
v nasprotni orientaciji glede na aplD/aplE in se zato prepisuje neodvisno 6OLND13). 
Slika 22. Fenotip mutante S. rapamicinicus R073 z delecijo v genu apl2. Ekstrahirani LC-MS 
kromatogrami prikazujejo najbolj zastopani aktinoplanski kislini 1 in 2 ter gola produkta poliketidne 
sintaze, 7 in 8, z njunima metilnima estroma, 9 in 10. Na vertikalnih oseh so prikazane normalizirane 
intenzitete. Kulture smo gojili Y JRMLãþX RAP-1P in v RAP-1P, ki smo mu dodali 50 mM cis-akonitata 
oziroma 50 mM trans-akonitata.  
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V gen aplF S. rapamycinicus 5VPRVSRPRþMR&5,635-Cas9 vnesli delecijo z ohranitvijo 
EUDOQHJDRNYLUD*OHGHQD rezultate analize z LC-MS, MHPXWDFLMDSRY]URþLODL]JXERSURGXNFLMH
vseh DNWLQRSODQVNLK NLVOLQNamesto njih smo opa]LOLDNXPXOLUDQMHFHOHVNXSLQHnovih spojin 11 
z m/z [M+NH4]+ 964,5 in 12 z m/z [M+NH4]+ 950,5.  
1DWDQþQD DQDOL]D ]PDVQR VSHNWURPHWULMR Y YLVRNL resoluciji MH SUHGODJDODPROHNXOVNL IRUPXOL 
C51H78O16 L]PHUMHQR>01+4]+ 964,56298L]UDþXQDQR>01+4]+ ǻ-0,39 ppm) 
in C50H76O16 L]PHUMHQR >01+4]+  L]UDþXQDQR >01+4]+  ǻ -0,40 
ppm), NDUNDåHQDWR, da so nove spojine tetradehidro- analoJLDNWLQRSODQVNLKNLVOLQ%5) in D (6). 
%ROMQDWDQþQRWHVSRMLQHLPDMRQDPHVWRWLNDUEDOLOQLKVNXSLQQDREHh SULþDNRYDQLh mestih pripet 
DNRQLWDW. 6NXSDMVPRnašli RVHPNURPDWRJUDIVNRORþHQLKL]RPHU]DYVDNRL]PHGVNXSLQVSRMLQ11 
in 12 6OLND23).  
3UHGYLGHYDPR GD MH WR YHOLNR ãWHYLOR L]RPHU SRVOHGLFD ODVWQRVWL DNRQLWLQVNH VNupine, da pri 
IL]LRORãNLK razmerah intraPROHNXODUQR NDWDOL]LUD WYRUER NDUEDQLRQD QD HGLQHP SRSROQRPD
UHGXFLUDQHPRJOMLNX7DRPRJRþDVSRQWDQRWUDQVORNDFLMRGYRMQHYH]L [68]. 7RVRWUDQVFLVWHU¶- 
Slika 23. Fenotip mutante S. rapamicinicus z delecijo v genu aplF. Ekstrahirani LC-MS kromatogrami 
prikazujejo najbolj zastopani aktinoplanski kislini 1 in 2 ter L]RPHUHQHQDVLþHQLKDQDORJRYDNWLQRSODQVNLK
kislin B in D (11 in 12) v kulturah S. rapamycinicus R073 in S. rapamycinicus RǻaplF. Prikazana sta 
WXGLPDVQDVSHNWUD]DQDMYHþMHJDL]PHGNURPDWRJUDIVNLKYUKRY]DYVDNRVNXSLQRL]RPHUVSRMLQ11 in12. 
Spektra sta reprezentativna za vse ostale vrhove posamezne skupine izomer. Na vertikalnih oseh so 
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HQ¶-HQWUDQVORNDFLMHGYRMQH YH]L3RVOHGLþQRODKNRSULþDNXMHPRQDVWDQHNJHRPHWLMVNLKin regio-
L]RPHULQVLFHUQDYVDNLL]PHGDNRQLWLOQLKVWUDQVNLKYHULJ $ONDOQDKLGUROL]DL]RPHU11 in 12 je 
rezultirala v HQRMQLKNURPDWRJUDIVNLKYUKRYLKJROLKSROLNHWLGQLKintermediatov 7 in 8 6OLND24). 
7DUH]XOWDWVNXSDMs SRGDWNLPDVQHVSHNWRPHWULMHYYLVRNLORþOMLYRVWLpRWUMXMHVWUXNWXUH11 in 12, 
prav WDNRSDSUHGSRVWDYNRGDL]RPHUL]DFiMDL]KDMDL]DNRQLWLOQLKVNXSLQ   
In trans NRPSOHPHQWDFLMRPXWDFLMHY genu aplF VPRSULSUDYLOL]YQRVRPNURPRVRPVNRLQWHJULUDQH
NRSLMHJHQDaplF SRGNRQWURORPRþnega promotorja ermE**OHGHQD rezultate analize LC-MS 
NXOWXUNRPSOHPHQWDQWHVPRGRVHJOLGHOQRUHYHU]LMRIHQRWLSDNDUVHNDåHYSRQRYQLSULVRWQRVWL
NURPDWRJUDIVNLKYUKRYDNWLQRSODQVNLKNLVOLQ$1LQ&2) REQHNROLNR]PDQMãDQLYVHEQRVWLVSRMLQ
11 in 12 6OLND25). 
Zgornji rezultati so Y PDUVLþHP podobni fenotipu mutante v genu fum7 SUL IXPRQL]LQVNL
biosintezni poti [68] in potrjujejo UHGXNWLYQR IXQNFLMR$SO)SUL izgradnji WULNDUEDOLOQH VWUDQVNH
YHULJH1DSRGODJLWHKSRGDWNRYSDQLPRJRþHHQRVWDYQR]DNOMXþLWL, QDNDWHULWRþNLPHGSRVW-PKS 
GRJRGNLVH]JRGLWDUHGXNFLMDDNRQLWLOQHVNXSLQH*OHGHQDSRGREQRVWDPLQRNLVOLQVNHJD]DSRUHGMD 
laKNR QDMEROMH RSLãHPR $SO) NRW HQRLO-ACP reduNWD]R, te pa za svoje delovanje potrebujejo 
WLRHVWHUVNRYH]DQVXEVWUDWNRt na primer acil-$&33&3DOLDFLO-CoA [96]. 7DNRODKNRNRWYHUMHWQD
subVWUDWD]D$SO)L]NOMXþLPRSURVWD DNRQLWLOQa estra 11 in 12SDWXGLSURVWRDNRQLWLQVNRNLVOLQR
*OHGHQDUH]XOWDWHMHRþLWQR, GDODKNRYRGVRWQRVWLUHGXNWLYQHDNWLYQRVWL$SO)SHSWLGQDVLQWHWD]D
$SO'$SO( NDWDOL]LUD DFLODFLMR SROLNHWLGQHJD MHGUD DNWLQRSODQVNLK NLVOLQ ] DNRQLWLOQR VNXSLQR. 
Slika 24. Alkalna hidroliza QHQDVLþHQLK VWUDQVNLK SURGXNWRY ELRVLQWH]H DNWLQRSODQVNLK NLVOLQ 11 in 12. 
Ekstrahirani LC-MS kromatogrami prikazujejo 7, 8, 9, 10, 11 in 12 pri ekstraktu kulture S. rapamycinicus 
5ǻaplF ter istem ekstraktu, podvUåHQHPDONDOQLKLGUROL]L,QWHQ]LWHWHna vertikalni osi kromatogramov 
so normalizirane. 
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Na podlagi zgornjega predlagamo, GD MH QDMYHUMHWQHMãH ]DSRUHGMH GRJRGNRY SUL DFLODFLML
SROLNHWLGQHJD LQWHUPHGLDWD DNWLQRSODQVNLKNLVOLQQDVOHGQMH DNRQLWLQVNDNLVOLQD VH DNWLYLUDSUHN
adenilacije z vezavo na PCP proteina AplD, tam se reducira z delovanjem $SO) LQ WDNR WYRUL
WULNDUEDOLO-P&3 LQWHUPHGLDW 7D VOXåL Y QDVOHGQML VWRSQML ]D DFLODFLMR SROLNHWLGQHJD MHGUD
DNWLQRSODQVNLKNLVOLQNLJDNDWDOL]LUD$SO(7DNRQDVWDQHWDDNWLQRSODQVNLNLVOLQL%5LQ'6) 
6OLND28). 3ULWHPVFHQDULMXSUHGVWDYOMDVNXSLQDQHQDVLþHQLKL]RPHURYDNWLQRSODQVNLKNLVOLQ 11 in 
12 zgolj VWUDQVNH SURGXNWH ]QDþLOQH ]Dmutanto AplF, in ne intermediate v biosintezni poti 
DNWLQRSODQVNLK NLVOLQ3RGREQH]DNOMXþNH ODKNRQDUHGLPR]DWHWUDGHKLGURDQDORJHIXPRQL]LQRY, NL
jih tvorijo mutante v fum7 [68]. 
ýHSUDY L]JOHGDWD ELRNHPLMVND PHKDQL]PD SRVW-3.6 DFLODFLMH V WULNDUEDOLOQR VNXSLQR SUL
IXPRQL]LQLKLQDNWLQRSODQVNLKNLVOLQDKSUHVHQHWOMLYRSRGREQDVHSULSULPHUMDYLJHQVNLK]DSLVRY
]DELRVLQWH]QRSRWNDåHMRSUHFHMãQMHHYROXFLMVNHUD]GDOMH3ROHJILORJHQHWVNHRGGDOMHQRVWLREHK
Slika 25. Komplementacija mutante S. rapamycinicus ǻaplF. Ekstrahirani LC-MS kromatogrami 
prikazujejo najbolj zastopani aktinoplanski kislini 1 in 2 ter QHQDVLþHQe stranske produkte biosinteze 
aktinoplanskih kislin 11 in 12 pri kulturah S. rapamyicinucus R073 ǻaplF in komplementacijskem sevu S.
rapamyicinucus R073 ǻDSO)DWW%ĭ&DSO)Prikazani so masni spektri 1 and 2 za komplementacijski 
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vpletenih peptidnih sintetaz, je poWUHEQRRPHQLWLWXGLRGGDOMHQRVWREHKUHGXNWD]NLVRGHOXMHWDSUL
WYRUELWULNDUEDOLOQHVNXSLQH0HGWHPNRMHUHGXNWD]DSULELRVLQWH]LIXPRQL]LQRYSRGREQDåHOH]R-
YVHEXMRþLP DONRKROQLP GHKLGURJHQD]DP [67] SD NRW UHþHQR, AplF spada med enoil-ACP 
UHGXNWD]HL]VXSHU-GUXåLQHUHGXNWD]NUDWNRYHULåQLKNLVOLQ9VHQDãWHWRQDND]XMHQD  neodvisno, 
NRQYHUJLUDMRþRHYROXFLMRELRNHPLMH]DDFLODFLMRVWULNDUEDOLOQRNLVOLQR pri obeh biosinteznih poteh. 
*OHGHQDUHGNRVWVHNXQGDUQLKPHWDEROLWRYVWDNãQRVNXSLQRLQSRVHEQRVWLHQFLPDWLNHNLVRGHOXMH
SULDFLODFLMLMHPRåQRVWYHþNUDWQHQHRGYLVQHHYROXFLMHWDNãQHELRNHPLMHL]UHGQR]DQLPLYD 
4.7. $SONDWDOL]LUDKLdURNVLODFLMRDNWLQRSODQVNLKNLVOLQ B in D. 
Pred geni za modularne PKS v JUXþL]DELRVLQWH]RDNWLQRSODQVNLKNLVOLQVPRQDãOLSUHGYLGHQJHQ
]D FLWRNURP 3450 hLGURNVLOD]R apl3. KoW MH PRåQR VNOHSDWL L] JHQVNH RUJDQL]DFLMH VH apl3 
prepisuje neodvisno, ob njem pa nismo našli JHQD]D IHUHGRNVLQ NL VH VLFHUSRJRVWRQDKDMDY
operonu s CYP450 geni.  
Slika 26. Fenotip mutante S. rapamicinicus z delecijo v genu aplF. Prikazan je tudi fenotip 
komplementirane mutante. Ekstrahirani LC-MS kromatogrami prikazujejo najbolj zastopane 
aktinoplanske kisline 1, 2, 3 in 4 ter aktinoplanski kislini B (5) in D (6) v kulturah S. rapamycinicus R073 
(w.t.), S. rapamycinicus 5ǻapl3 ter S. rapamycinicus ǻapl3 DWW%ĭ&DSO3. Prikazana sta tudi 
masna spektra za 5 in 6. Na vertikalnih oseh so prikazane normalizirane intenzitete. 
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V gen apl3 pri S. rapamycinicus 5VPRVSRPRþMR&5,635-Cas9 vnesli delecijo z ohranitvijo 
EUDOQHJD RNYLUMD *OHGH QD rezultate analize VWUHVDQLK NXOWXU PXWDQW z LC-MS, je mutacija 
SRY]URþLODpopolno L]JXER SURGXNFLMH DNWLQRSODQVNLK NLVOLQ$ 1 LQ & 2) ter njunih odprto-
YHULåQLKDQDORJRY3 in 4,VWRþDVQRVWDVHNRWSURGXNWDELRVLQWH]QHSRWLSRMDYLOLDNWLQRSODQVNL
NLVOLQL B in '5 in 6), Nar VNOHSDPRSRSULVRWQRVWLORþHQLKNURPDWRJUDIVNLKYUKRY] m/z [M+NH4]+ 
968,5 in 954,5 YRELþDMQHPUD]PHUMX6OLND26). 1DWDQþQDDQDOL]D]PDVQRVSHNWURPHWULMR v 
YLVRNLORþOMLYRVWLMHSRWUGLODPROHNXOVNLIRUPXOL5 &51H82O16 izmerjeno [M+NH4]+ 
L]UDþXQDQR >01+4]+  ǻ -0,43 ppm) in 6 C50H80O16 L]PHUMHQR >01+4]+ 
954,L]UDþXQDQR>01+4]+ ǻ-0,36 ppm$ONDOQDKLGUROL]DHNVWUDNWDNXOWXUH
S. rapamycinicus 5ǻapl3 MHUH]XOWLUDODYJROLKSROLNHWLGQLKMHGULK7 in 8 6OLND27).
=YQRVRPNURPRVRPVNRLQWHJULUDQHNRSLMHJHQDapl3 pod nadzorom PRþQHJDSURPRWRUMDermE* 
smo pripravili in trans NRPSOHPHQWDFLMR PXWDFLMH Y apl3 VHY S. rapamycinicus 5 ǻapl3 
DWW%ĭ&DSO). Rezultati analize z LC-06NXOWXUMHSRND]DODGDVPRGRVHJOLGHOQRUHYHU]LMR
IHQRWLSDNDUVHNDåHYSRQRYQLSULVRWQRVWLNURPDWRJUDIVNLKYUKRYDNWLQRSODQVNLK NLVOLQ$1) in 
&2REVRþDVQLSURGXNFLML5 in 6 6OLND26)RUPLUDQMHKLGURNVLOQHVNXSLQHQDRJOMLNXLQ
SRVOHGLþQR]PRåQRVWWYRUEHODNWRQL]LUDQLKREOLNDNWLQRSODQVNLKNLVOLQMHWRUHMRGYLVQDRGIXQNFLMH
Apl3. 
ZapoUHGMH GRJRGNRY Y ELRVLQWH]QL SRWL QDND]XMH fenotip mutante v aplD 3ROLNHWLGQLK MHGHU
DNWLQRSODQVNLKNLVOLQNLELELODKLGURNVLOLUDQDQDSRORåDMX, QDPUHþQLRSD]LWL+LGURNVLODFLMDVH
WRUHM]JRGLãHOHSRDFLOLUDQMXVWULNDUEDOLOQRVNXSLQR=GUXJLPLEHVHGDPLKLGURNVLODFLMDSRWHND
Slika 27. Alkalna hidroliza aktinoplanskih kislin B (5) in D (6). Ekstrahirani LC-MS kromatogrami prikazujejo
spojine 5, 6, 7, 8, 9 in 10 v ekstraktu kulture S. rapamycinicus 5ǻapl3 ter istem ekstraktu, ki je bil
SRGYUåHQ alkalni hidrolizi. Intenzitete na vertikalni osi kromatogramov so normalizirane.  
0  2   4   14        16      18    20  
XIC (m/z= 954.5, 968.5)
ǻapl3
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ãHOH SR WYRUEL DNWLQRSODQVNLK NLVOLQ % 5 LQ ' 6) 6OLND . ýe XSRãWHYDPR VWUXNWXUQH
podobnosti, je do QHNHPHUHMHSUHVHQHWOMLYRGD$SOQHKLGURNVLOLUDVNXSLQHVWUDQVNLKSURGXNWRY
11 in 12NLVHDNXPXOLUDMRYNXOWXUDK aplF mutante. Ta mutacija ne more imeti polarnega XþLQND 
QD L]UDåDQMH apl3 VDM VH JHQD QDKDMDWD QD QDVSURWQLK VWUDQHK JHQVNH JUXþH 6OLND 13). 
1HVSUHPHQMHQRDNWLYQRVW Apl3 potrjuje tudi v uspešna NRPSOHPHQWDFLMa mutacije v DSO)NMHUVH
DNXPXOLUDMRKLGURNVLOLODQHLQODNWRQL]LUDQHREOLNHDNWLQRSODQVNLK NLVOLQ1 in 2, 6OLND26). 0Råno 
MHGDVWUXNWXUQHUD]OLNHNLVRSRVOHGLFDYJUDGQMHDNRQLWLOQLKVNXSLQQDPHVWRWULNDUEDOLOQLKUD]ORJ
da tetradehidro analogi DNWLQRSODQVNLKNLVOLQ WM11 in 12, niso dobri substrati za Apl3. Ker je 
SRORåDMKLGURNVLOLUDQMDSUHFHMRGPDNQMHQRGWULNDUERNVLOQLKVNXSLQQDRPHQMHQLKPROHNXODKMH
]JRUQMHRSDåDQMH]DQLPLYRLQQDND]XMHQDGREURVHOHNWLYQRVWHQFLPD 
+LGURNVLOLUDQLRGSUWR-YHULåQLGHULYDWL DNWLQRSODQVNLKNLVOLQ 3 in 4, NLMLKODKNRRSD]LPRYNXOWXUDK
S. rapamycinicus v bistveno YLãMLNRQFHQWUDFLMLYSULPHUMDYL]DNWLQRSODQVNLPDNLVOLQDPD%LQ'
5 in 6, 6OLND12) QDND]XMHMRGDMHR]NRJUORYELRVLQWH]QLSRWLDNWLQRSODQVNLKNLVOLQODNWRQL]DFLMD
LQQHKLGURNVLODFLMD9QDVSURWMX]]JRUQMLPActinoplanes sp. MA 7066 v razmerah,  uporabljenih
v študiji Singh s sod. [56], proizvaja mešaniFRDNWLQRSODQVNLKNLVOLQ$LQ%1 in 5) v podobnih
NROLþLQDKTrenutno ni jasno, NDNRSRWHND ODNWRQL]DFLMD LQWHUPHGLDWRY3 in 4 Y FLNOLþQHREOLNH
Slika 28. Predlagan potek post-PKS korakov pri sintezi aktinoplanskih kislin. Shema temelji na 
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DNWLQRSODQVNLK NLVOLQ YHQGDU MH YHUMHWQR GD SUL WHM VWRSQML sodeluje HQD RG KLGURNVLOD]DFLOD]
$SO*ali ApONLVWDRKUDQMHQi YJHQVNLJUXþL]DDNWLQRSODQVNHNLVOLQH vseh treh genomov.  
4.8. Genski JUXþi za aktiQRSODQVNHNLVOLQH LQUDSDPLFLQVWDNRORNDOL]LUDQL 
9 JHQRPVNHP NRQWHNVWX S. rapamycinicus VH JHQVND JUXþD ]D DNWLQRSODQVNH NLVOLQH QDKDMD
neposredno ob JHQVNL JUXþL ]D UDSDPLFLQ 6OLND 29). ýHSUDY JHQRPL DNWLQREDNWHULM L]YHQ
FHQWUDOQHJD GHOD JHQRPD SRJRVWR YVHEXMHMR UHJLMH NL LPDMR YLVRNR JRVWRWR JHQVNLK JUXþ ]D
VHNXQGDUQH PHWDEROLWH EL ODKNR LPHOD QHSRVUHGQD EOLåLQD GYHK JHQVNLK JUXþ PHGVHERMQR
HYROXFLMVNRLQSRVOHGLþQRWXGLIXQNFLRQDOQR povezanost [3].  
Opravili smo LVNDQMD SRGREQLK JHQVNLK JUXþ SUHNR FHOLK JHQRPRYY YVHK MDYQLK SRGDWNRYQLK
]ELUNDK ] EDNWHULMVNLPL JHQRPL 1&%, %URDG LQVtitute, -RLQW *HQRPH ,QVWLWXWH 1DãOL VPR
]DGHWNHz YHOLNRSRGREQRVWMRJHQVNLJUXþL]DDNWLQRSODQVNHNLVOLQH]DQLPLYRYHGQRLQVDPRY
genomih treh znanih producentov rapamicina [45]. ýHSUDYãWHYLOR DNWLQREDNWHULMVNLKJHQRPRY
hitro QDUDãþD LQ WUHQXWQR JRYRULPR R YHþ  javno dostopnih genomih, so genomi S. 
rapamycinicus ATCC29253, S. iranensis HM 35 in Actinoplanes sp. N902-109 trenutno tudi edini 
JRVWLWHOMLJHQVNHJUXþH]DUDSDPLFLQZanimivo bi bilo preveriti stanje pri organizmiKNMHUVRELOH
Slika 297RSRORJLMDJHQRYWHUVLQWHQLMDJHQVNLKJUXþ za aktinoplanske kisline in rapamicin. Prikazana je 
SULPHUMDYD JHQRPVNLK UHJLM NL ]DMHPDMR JHQVNL JUXþL ]D DNWLQRSODQVNH NLVOLQH LQ UDSDPLFLQ SUL
Streptomyces iranensis HM35, Streptomyces rapamycinicus ATCC 29253 in Actinoplanes sp. N902-109. 
Velikostna skala pri velikih genih PKS je stisnjena za 2-krat. *HQVNDJUXþD]DDNWLQRSODQVNHNLVOLQHSULS. 
rapamycinicus  MH R]QDþHQD ] LPHQL JHQRY2]QDNH ³CDS locus tag´, NL GRORþDMR JHQH SUL GHSRQLUDQLK
genomskih zaporednjih v podatkovni bazi NCBI, so navedene v TabelL 5. 
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DNWLQRSODQVNHNLVOLQHSUYRWQRRGNULWHWMStreptomyces sp. MA7099 in Actinoplanes sp. MA7066 
[57]YHQGDUQLVRQDYROMRQREHQLSRGDWNLRJHQRPVNLK]DSRUHGMLKWHKRUJDQL]PRYDOLYVDMGHOþNL
teh zaporedij. PoGREQR NRW SUL S. rapamycinicus, VH JHQVNL JUXþL ]D DNWLQRSODQVNH NLVOLQH LQ
UDSDPLFLQ QDKDMDWD Y QHSRVUHGQL EOLåLQL WXGL Y JHQRPX Actinoplanes sp., GUXJDþH SD MH SULS. 
iranensis, NMHUVHREHJHQVNLJUXþLQDKDMDWDQDQDVSURWQLKGHOLKNURPRVRPDLQVWDRGGDOjeni ~6 
Mbp.  
*OHGH QD ]JRUQMH VPR VH VSUDãHYDOL DOL je ohranjeno so-QDKDMDQMH JHQVNLK JUXþ YHþ NRW ]JROM




gene PKS 6OLND 29). 2þLWQR MH GD MH ]D QDVWDOR VLWXDFLMR PRUDOR SULWL GR YHþNUDWQLK
UHNRPELQDFLMVNLKGRJRGNRYYYVDNHPRGJHQRPRY*OHGHQDWRGDVHMHSULUD]YRMXSRVDPH]QLK
JHQVNLK JUXþ L] SUHGYLGRPD VNXSQHJD SUHGQLND NOMXþQD IXQNFLRQDOQRVW REHK ELRVLQWH]QLK SRWL
RKUDQLOD ODKNR razmišljamo o PRåQi HYROXFLMVNi LQ IXQNFLRQDOQi povezanosti SURGXNWRY REHK
biosinteznih poti.  
Slika 30. Fenotipi mutant S. rapamycinicus v potencialnih transkripcijskih regulatorjih biosinteznih poti 
aktinoplanskih kislin in rapamicina. 3ULND]DQLVRQRUPDOL]LUDQLFHORNXSQL06SRGDWNLYP]REPRþMX-
1000 Da. A: LC-MS kromatograma kultur S. rapamycinicus 5ǻaplA v primerjavi z izvornim sevom. 
B: LC-MS kromatograma kultur S. rapamycinicus 5ǻrapGH v primerjavi z izvornim sevom. C: LC-
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(GHQ RG SRND]DWHOMHY WDNH VRRGYLVQRVWL MH ODKNR SUHSOHWHQRVW XUDYQDYDQMD L]UDåDQMD REHK
biosinteznih poti, bodisi v sinhronem ali UH]HUYQHP QDþLQX = QDPHQRP SUHXþLWL WRYUVWQH
SRYH]DYH VPRVHGRWDNQLOLSUHGYLGHQLK WUDQVNULSFLMVNLK UHJXODWRUMHYREHKELRVLQWH]QLKSRWL9
gen SARP, aplR NL JD QDMGHPR QD REUREMX JHQVNH JUXþH ]D DNWLQRSODQVNH NLVOLQH SUL S. 
rapamycinicus 5VPRVSRPRþMR&5,635-Cas9 vnesli delecijR]RKUDQLWYLMREUDOQHJDRNYLUa. 
Opravili smo LC-06DQDOL]RVWUHVDQLKNXOWXUPXWDQt v primerjavi z izvornim sevom, vendar nismo 
RSD]LOLQLNDNUãQLKUD]OLNYSURGXNFLMLVHNXQGDUQLKPHWDEROLWRY 6OLND30). Na drugi strani, pa je 
delecija genov rapG in rapH, NLVWDWUDQVNULSFLMVNDUHJXODWRUMDELRVLQWH]QHSRWLUDSDPLFina [97], 
UH]XOWLUDOD Y SRSROQL SUHNLQLWYL ELRVLQWH]H UDSDPLFLQD YHQGDU QL LPHOD QREHQHJD YSOLYD QD
SURGXNFLMR DNWLQRSODQVNLK NLVOLQ 6OLND 30) 2 XUDYQDYDQMX L]UDåDQMD JHQRY JUXþH ]a sintezo 
DNWLQRSODQVNLK NLVOLQ niWL R SRWHQFLDOQL SRYH]DQRVWL ] UHJXODFLMVNLPL PHKDQL]PL UDSDPLFLQVNH





GDVWDDNWLYQLSURWLHYNDULRQWVNLPWDUþDP UDSDPLFLQSURWLNRPSOHNVRP TOR [98] LQDNWLQRSODQVND
Slika 31ýDVRYQRXVNODMHQDSURGXNFLMD UDSDPLFLQD LQDNWLnoplanskih kislin. Prikazani so trije neodvisni 
eksperimenti s stresanimi kulturami S. rapamycinicus 5YJRMLãþX5DS-31DFHSLOLVPRYHþSDUDOHOQLK
HUOHQPDMHULFLQSULYVDNHPY]RUþHQMXYGRORþHQLþDVRYQLWRþNLRGVWUDQLOLHQRL]PHGSDUDOHONPHGWHPNR






















+ aktinoplanska kislina C
 Aktinoplanska kislina A
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NLVOLQDSURWLRas farnezil-protein transferazam [55], smo za ta namen izbrali protiglivne rastne 
teste. 
4.9. $NWLQRSODQVNDNLVOLQDLQUDSDPLFLQGHOXMHWDVLQHUJLVWLþQR 
Izbrali smo WULUD]QROLNHJOLYQHYUVWH, Argillus fumigatus, Candida albicans, in Rhizopus oryzae, 
za teste inhibicije rastL]UDSDPLFLQRPLQDNWLQRSODQVNR NLVOLQR$(1NLMHSUDYLNRQþQLSURGXNW
ELRVLQWH]QH SRWL DNWLQRSODQVNLK NLVOLQ 3UL WHVWLK VPR XSRUDELOL WDNH NRQFHQWUDFLMH REHK
VHNXQGDUQLKPHWDEROLWRYGDQHSUHVHJDMRELRVLQWH]QHJDSRWHQFLDODSURGXFHQWDS. rapamycinicus 
$7&&WRMHa0]DUDSDPLFLQLQa0]DDNWLQRSODQVNLNLVOLQR$*OLYQHFHOLFH
VPR YPHãDOL Y DJDUVNR JRMLãþH VNXSDM ] UD]OLþQLPL sub-LQKLELWRUQLPL NRQFHQWUDFijami 
DNWLQRSODQVNH NLVOLQH $ .R VH MH DJDU VWUGLO VPR QD YUK NDSQLOL XVWUH]QR UHGþHQR UD]WRSLQR
rapamicina. 3RLQNXEDFLMLVHMHSULGRORþHQLKNRPELQDFLMDKDNWLQRSODQVNHNLVOLQHLQUDSDPLFLQD
SRND]DODLQKLELFLMDUDVWLYREOLNL SUR]RUQLKUHJLMQDVUHGLQLDJDUVNHJDJRMLãþD3RSULþDNRYDQMLK
VPR]D]QDOLãLENRLQKLELFLMRUDVWL [98] v primeru samega rapamicina. Inhibitorna DNWLYQRVW pa je 
ELOD ]HOR RþLWQR PQRJR PRþQHMãD Y SULPHUX, NR MH ELOD SROHJ UDSDPLcina prisotna tudi 
DNWLQRSODQVNDNLVOLQD$YVXE-LQKLELWRUQLKNRQFHQWUDFLMDK6OLND32).  
Zaradi narave testa bi ODKNRELODRSDåHQDVLQHUJLVWLþQDDNWLYQRVWDUWHIDNWpovezan z zaporedjem 




PDNVLPDOQH VXE-LQKLELWRUQH NRQFHQWUDFLMH 0HGWHP NR QLsta QH UDSDPLFLQ QLWL DNWLQRSODQVND
NLVOLQD$YWHPNRQFHQWUDFLMVNHPREPRþMXND]DODVDPRVWRMQHJDLQKLELWRUQHJDYSOLYDQDUDVWR. 
oryzaeMHåHL]MHPQRQL]ND NRQFHQWUDFLMa UDSDPLFLQD0.32 nM) SRY]URþLODPRþQRLQKLELFLMR rasti 
pod pogojem, GDMHELODSULVRWQDWXGLDNWLQRSODQVNDNLVOLQD$ 6OLND32). Na tem mestu je potrebno 
RPHQLWLGDREVWDMDUD]OLNDPHGDNWLYQRVWMRUD]OLþQLKYUVWDNWLQRSODQVNLKNLVOLQ [57]0RåQRMHGD
GRWDNLKUD]OLNSULKDMDWXGLYSULPHUXVLQHUJLVWLþQHJDRGQRVD]UDSDPLFLQRP 
=QDPHQRPEROMQDWDQþQRGRORþLWLQDþLQ]DYLUDQMD UDVWL, NLVPRJDRSD]LOLpri rastnih testih na 
agarsNHP JRMLãþuVPRSULSUDYLOLUDVWQHWHVWHYWHNRþLKNXOWXUDKR. oryzae v JRMLãþX3'%. Kulture 
smo gojili v PLNURVNRSLUQLK SORãþLFDK ] UDVWQLPL NRPRUDPL RE SULVRWQRVWL UDSDPLFLQD LQ
DNWLQRSODQVNHNLVOLQH$YUD]OLþQLKNRQFHQWUDFLMVNLKNRPELQDFLMDK 6OLND33).  
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9VNODGX]UH]XOWDWLNLVPRMLKRSD]LOLSULWHVWLKQDDJDUVNLKJRMLãþLKVDPD DNWLQRSODQVNDNLVOLQD




1 nM rapamicina in 2 μM DNWLQRSODQVNH NLVOLQH $ VPR RSD]LOL VNRUDM SRSROQR LQKLELFLMR
germinacije spor R. oryzae. 0RUIRORãNR VWDQMH NXOWXU, NL VR ELOH SRGYUåHQH WUHWPDMX ] REHPD
substancama, NDåHQD]DVWRMYFHOLþQHPFLNOX]DWRELVLQHUJLVWLþQLXþLQHNNLVPRJDRSD]LOLY
resnici ODKNRSRPHQLOpotenciranje mehanizma delovanja rapamicina. 
3URWLJOLYQDDNWLYQRVWUDSDPLFLQDMHSRVOHGLFDLQKLELFLMHFHOLþQHJDVLJQDOL]LUDQMDSUHNRNRPSOHNVD
725725&3UL WHPMHoYLUDQRQDGDOMHYDQMHFHOLþQHJDFLNODUDVW LQUD]YRM WHUQDVSORãQR
VLQWH]DFHOLþQLKNRPSRQHQW1DWDQþQHMHUDSDPLFLQSRY]URþL]DVWRMFHOLþQHJDFLNODYID]L* [98]. 
Slika 32. 6LQHUJLVWLþQD SURWLJOLYQD DNWLYQRVW UDSDPLFLQD LQ DNWLQRSODQVNH NLVOLQH $ Y WUGQHP JRMLãþX 
A: Agarski rastni testi z Aspergillus fumigatus, Rhizopus oryzae, in Candida albicans. Glivne celice smo 
YPHãDOLY3'$DJDUVNRJRMLãþHVNXSDM]UD]OLþQLPLVXE-inhibitornimi koncentracijami aktinoplanske kisline 
$ LQQDWRQDYUKNDSQLOL XVWUH]QR UHGþHQR UD]WRSLQR UDSDPLFLQD3ORãþHVPR IRWRJUDIirali po 24 h rasti. 
B:  Ponovljen agarski rastni test, NMHUVPRYDJDUQDMSUHMYPHãDOLUDSDPLFLQLQNRQLGLMHR. oryzae LQãHOH





















































































0          0.32       1.3         5
Mrak P. Biosinteza aktinoplanske kisline v Streptomyces rapamycinicus. 
Doktorska disertacija. Ljubljana. Univerza v Ljubljani. 2019 
54 
MedWHPNRMHELODYORJDNRPSOHNVD725&UD]LVNDQDrazmeroma podrobno, pa je razumevanje 
NRPSOHNVD725& NL MH QHREþXWOMLY na delovanje rapamicina, relativno slabo [99]. Trenutno 
UD]XPHYDQMHVLVWHPDNDåHGDREDNRPSOHNVDYSUHSOHWHQLVLJQDOQLPUHåLNRRUGLQLUDWDSURFHVHNRW
VR VLQWH]D SURWHLQRY ELRJHQH]D ULERVRPRY WUDQVNULSFLMD SRWHN FHOLþQHJD FLNOD RUJDQL]DFLMD
FLWRVNHOHWD WHURGJRYRUna stres in avtofagijo [100]. Kljub temu, da je osnovna IXQNFLRQDOQRVW
signalne PUHåH RNURJ NRPSOHNVRY 725 med HYNDULRQWL precej ohranjena, VH ODKNR VHVWDYD
NRPSRQHQW WHPUHåH SUHFHM UD]OLNXMHPHG UD]OLþQLPLorganizmi [101, 102]. 9VHHQR SD YHþLQD
VLJQDOQLKSRWLSUHGNRPSOHNVLTOR YVHEXMHHQRDOLYHþIDUQH]LOLUDQLK*73D]L]VXSHU-GUXåLQH5DV 
6OLND34). NDMYHþNUDWSULUD]OLþQLKRUJDQL]PLKQDMGHPRYYORJLDNWLYDWRUMHY NRPSOHNVRY725 
PDOH*-proteine Rheb, Rag, Ras in druge [103, 104]. 
9QDVSURWMX]]DUDJR]LQVNRNLVOLQRãHHQLPVHNXQGDUQLPPHWDEROLWRPNLYVYRMLzgradbi YNOMXþXje 
WULNDUERNVLOQR VNXSLQR [105] DNWLQRSODQVNH NLVOLQH QLPDMR LQKLELWRUQH DNWLYQRVWL proti 
geranilgeranil-pirofosfat-VLQWD]L DOL VNYDOHQ-sintazi [57]. ýHSUDY ne smemo zanemariti drugih 
PRåQosti,  MHYVHHQR]HORYDEOMLYRUD]PLVOLWLRPRåQHPPHKDQL]PXVLQHUJLVWLþQHJDGHORYDQMD z 
rapamicinom, þHDNWLQRSODQVNRNLVOLQR$ postavimo v poznano vlogo VHOHNWLYQHJDinhibitorja Ras 
protein-IDUQH]LO WUDQVIHUD] )7, [57]. PUL WHP ODKNR L]SRVWDYLPR GD VR SUL NYDVRYNLCandida 
Slika 33. 6LQHUJLVWLþQDSURWLJOLYQDDNWLYQRVWUDSDPLFLQDLQDNWLQRSODQVNHNLVOLQH$YWHNRþHP JRMLãþX Rastni 
testi z Rhizopus oryzae YJRMLãþX3'% v PLNURVNRSLUQLKSORãþLFDK]UDVWQLPLNRPRUDPL. Mikrofotografije 
VPR QDUHGLOL SR SUHNRQRþQHP LQNXELUDQMX NXOWXU SUL 35 °C. *RMLãþX VPR GRGDOL UD]OLþQH NRQFHQWUDFLMH
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albicans PXWDFLMHYPDOLK*73azah iz superGUXåLQH5DV SRY]URþLOHPRþQRSRYHþDQRREþXWOMLYRVW
na rapamicin. .RQNUHWQR JUH ]D IDUQH]LOLUDQL*73D]L 5KE, LQ*WU, NL VWD SR]QDQD DNWLYDWRUMD
725& NRPSOHNVD Sri Candida albicans [106, 107]. Poleg tega je bilo sLQHUJLVWLþQR anti-
SUROLIHUDWLYQR GHORYDQMH )7, Y NRPELQDFLML ] UDSDPicinom ugotovljeno pri rD]OLþQLK VHVDOVNLK 
UDNDYLK FHOLþQLK OLQLMDK [108, 109, 110]. Predvideva se, da je tovrstno delovanje posledica 
LQKLELFLMH*73D]HRheb s strani FTI. Normalno Rheb sicer neposredno DNWLYLUDTORC1, zato bi 
ELORVLJQDOL]LUDQMHSUHNo WHJDNRPSOHNVDRESULVWQosti rapamicina inhibirano po dveh neodvisnih 
SRWHK9ORJD)7,SDMHPRåQDWXGLSULGUXJLK*73D]DK, NLVRGHOXMHMRYFHOLþQHPVLJQDOL]LUDQMX
WDNRSUHNo NRPSOHNVD725&NRW725& [104].  
Neglede na to, NDMWRþQRMH WDUþDDNWLQRSODQVNLKNLVOLQ, je PHKDQL]HPVLQHUJLVWLþQHJDGHORYDQMD]
rapamicinom vreden nadaljnjih UD]LVNDY6LJQDOQDPUHåDNLYNOMXþXMH REDNRPSOHNVD725, je ena 
RGNOMXþQLKWHPUD]LVNRYDQMDYFHOLþQLELRORJLMLSDWXGLSUHSR]QDQDWDUþQD]DUD]YRM]GUDYLO(QDNR
YHOMD]D5DV*73D]RNLMHåHGROJReden najpogosteje ciljanih RQNRJHQRYSULUD]YRMX]GUDYLO proti 
UDNX. Še posebno ]DQLPLYRMHGDMHY]DGQMLKOHWLKFHODYUVWDNRPELQDFLMVNLKWHUDSLMNLYNOMXþXMHMR
UDSDPLFLQDOLQMHJRYGHULYDWWHUHQHJDRGLnhibitorjev farnezil WUDQVIHUD]SUHãODYNOLQLþQRID]R
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QDãHP SULPHUX MH WR DNXPXOLUDQMH DNWLQRSODQVNH NLVOLQH $ in njenih novih analogov v tem 
UD]LVNRYDOQR LQ LQGXVWULMVNR SRPHPEQHP RUJDQL]PX =DUDGL SRPHPEQRsti rapamicina je S. 
rapmicinicus åHYHþGHVHWOHWLMSRGYUåHQ LQWHQ]LYQLPUD]LVNDYDPVHNXQGDUQHJDPHWDEROL]PD LQ
presenetljivo MHGDMHELODELRVLQWH]DDNWLQRSODQVNLKNLVOLQSRYVHPSUH]UWDWXGLSRUD]MDVQLWYLQMHQH
NHPLMVNH]JUDGEH in ELRORãNHDNWLYQRVWL SUHGYHþNRWOHWL 
2GNULWMH ELRVLQWH]H DNWLQRSODQVNLK NLVOLQ Y S. rapamycinicus nas jH YRGLOR GR LGHQWLILNDFLMH 
SUHGYLGHQHJHQVNHJUXþH]DQMihovo biosintezo. 6SRPRþMRPROHNXODUQHJDRURGMDCRISPR-Cas9, 
NL VPR JD posebej razvili za ta organizem, smo nDWR UD]LVNDOL WHU RULVDOL ELRVLQWH]QR SRW ]D
DNWLQRSODQVNH NLVOLQH 3UL WHP VPR SRMDVQLOL, NDNR SULGH GR VWUXNWXUQH GLYHU]LWHWH PHG
SRVDPH]QLPLDQDORJLDNWLQRSODQVNLKNLVOLQPomemben motivator za naše delo je bila nenavadna 
ELRNHPLMDSRYH]DQD]YJUDGLWYLMRWULNDUEDOLOQLKVNXSLQYVWUXNWXURDNWLQRSODQVNLKNLVOLQ/H-te so 
HGLQH VSRMLQH EDNWHULMVNHJD L]YRUD NL YNOMXþXMHMR WDNR VNXSLQR 1DãH GHOR VNXSDM ] GREUR
UD]LVNDQRELRVLQWH]RJOLYQLKWRNVLQRYIXPRQL]LQRY, WDNRSUHGVWDYOMDpovsem osamljena primera 
WDNãQHNHPLMVNHzgradbe LQELRNHPLMH. 
-HGURELRVLQWH]QHSRWLDNWLQRSODQVNLKNLVOLQSUHGVWDYOMDKLEULGQLVLVWHP3.6-NRPS. To je na prvi 
pogled ne-LQWXLWLYQRVDMNHPLMVNDzgradba DNWLQRSODQVNLKNLVOLQQHYVHEXMHQREHQHDPLGQHYH]L
,]NDåHVHGDSHSWLGQDVLQWHWD]DYWHPSULPHUXNDWDOL]LUDWYRUERHVWHUVNLKYH]LPHGWULNDUEDOLOQR




SRWHK ]D IXPRQL]LQH LQ DNWLQRSODQVNH NLVOLQH 7R QDND]XMH QD NonYHUJLUDMRþR HYROXFLMR REHK
DFLODFLMVNLKPHKDQL]PRY 
%LRVLQWH]QDSRWDNWLQRSODQVNLKNLVOLQMHWDNRYJODYQHPGHOXRULVDQD6OLND35). Vseeno pa ostaja 
ãHQHNDMQHUHãHQLKYSUDãDQMNLELGRNRQþQRSRMDVQLODYVHNRUDNHYELRVLQWH]QLSRWL9YVHKWUHK
JHQVNLKJUXþDK]DDNWLQRSODQVNH NLVOLQHVWDRKUDQMHQDGYDJHQD]DKLGUROD]LDFLO-transfera]L]Įȕ
zvitjem. 7DGYDJHQDELODKNRNRGLUDOD]DDNWLYQRVWLNLMLK pri našem delu QLVPRHNVSHULPHQWDOQR
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pojasnili. Odprto ostaja vprašanje, NMH MH NRGLUDQD WLRHVWHUD]QD DNWLYQRVW NL MH Sotrebna za 
VSURVWLWHY SROLNHWLGQHJD LQWHUPHGLDWD L] NRPSOHNVD 3.6 SD WXGL NDWHUL HQFLP NDWDOL]LUD
FLNOL]DFLMRRGSUWR-YHULåQLKLQWHUPHGLDWRY3 in 4 YDNWLQRSODQVNHNLVOLQH$LQ&9HUMHWQRODKNR 






NL VRGHOXMHMR Y ELRVLQWH]L DNWLQRSODQVNLK NLVOLQ QLVPR QDãOL QDSRYHGDQLK WUDQVPHPEUDQVNLK









zaradi svoje, sicer razmeroma ãLENH SURWLJOLYQHDNWLYQRVWL 3RRGNULWMXNRPSOHNVRYVHVDOVNH WDUþH
UDSDPLFLQDP725SDVHMHQDUDYQDYORJDUDSDPLFLQDRGPDNQLODRGSR]RUQRVWL]QDQVWYHQHVIHUH
&HORWQR VOLNR QMHJRYHJD GHORYDQMD Y QDUDYQHPRNROMX WHU SRPHQ ]D QMHJRYHJD SURGXFHQWD SD
ODKNRUD]XPHPRãHOHVHGDMYNRQWHNVWXGHORYDQMD]QMHJRYLPSDUWQHUMHPDNWLQRSODQVNRNLVOLQR 
7DNGYRMQLQDSDGVHYHGDQLHGLQVWYHQSRMDYYVHNXQGDUQHPPHWDEROL]PXDNWLQREDNWHULM3UHPDOR
je znano, da ima eno najpogosteje uporabljenih SURWLEDNWHULMVNLK ]GUDYLO GDQHV [114], 
NRPELQDFLMVNR]GUDYLORDPRNVLFLOLQNODYXODQVNDNLVOLQDVYRMQDUDYQLSURWRWLSNRGLUDQYJHQRPX
SURGXFHQWD NODYXODQVNH NLsline, Streptomyces clavuligerus. *HQVNL JUXþL ]D SDU ȕ-ODNWDPVNL
DQWLELRWLNFHIDPLFLQ&LQLQKLELWRUȕ-ODNWDPD]NODYXODQVNDNLVOLQDVHQDKDMDWDVNXSDM LQVWD
NRUHJXOLUDQL [115]. V tem primeru gre za JHQVNR YWLVQMHQR NRPSlemenWLUDMRþR IXQNFLRQDOQR
VLQHUJLMR2KUDQLWHYWRYUVWQHVLQHUJLMHMHSRSROQRPDMDVQDWDNRL]HYROXFLMVNHJDNRWHNRORãNHJD
YLGLND [3] VDM SRYHþXMH PRþ QDSDGD WHU SRVOHGLþQR WXGL NRPSHWLWLYQR SUHGQRVW SURGXFHQWD
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VLQHUJLVWLþQLK VHNXQGDUQLK PHWDEROLWRY 6OLND 36). PovsHP PRåQR MH, GD MH VLQHUJLVWLþQL
mehanizem delovanjDHGHQRGRGJRYRURY]DNDMLPDMRDNWLQREDNWHULMHWDNRYHOLNDU]HQDO]DSLVRY
]D VLQWH]R VHNXQGDUQLK PHWDEROLWRY 'DQHV QDPUHþ UXWLQVNR QDMGHPR ! JHQVNLK JUXþ ]D
VHNXQGDUQHPHWDEROLWHYYVDNHPL]PHGDNWLQREDNWHULMVNLKJHQRPRY, NLYHOLNRNUDW]DVHGDMRYHþ
NRWJHQRPD 
=QDQR MHGD MHYHOLNRãWHYLORJHQVNLKJUXþ]D VHNXQGDUQHPHWDEROLWHSUL DNWLQREDNWHULMDKYVDM
GHORPD XUDYQDQR SUHNR SOHLRWURSQLK UHJXODWRUMHY ]D ]D]QDYDQMH ªNYRUXPD©, SRPDQMNDQMD
DPLQRNLVOLQ in drugih7DNQDþLQXUDYQDYHSRJRVWRGRSROQMXMHMRVSHFLILþQLregulatorji posameznih 














• i]UDþXQ inventarja genskih JUXþ za SM
• Skupinam zelo sorodnih genskih JUXþ za SM,
dodelimo ID.


















• Identifikacija povezanih genskih JUXþ
• , , ....
• rangiranje po frekvenci soobstoja na
genomu
6LQHUJLVWLþQLSMsamostojni SM
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$OL LPD VLQHUJLVWLþQR GHORYDQMH UDSDPLFLQD LQ DNWLQRSODQVNLK NLVOLQ WHUDSHYWVNR YUHGQRVW MH
YSUDãDQMHQDGDOMQMLKUD]LVNDYNLVHMLKYWHPGHOXQHGRWLNDPRDejstvo je, da so se NRPELQLUDQe 
terapije z rapamicinom in FTI razvile brez vedenja o obstoju naravnega prototipa, NLJDRSLVXMHPR
WX9VHHQRSDMHPRJRþHUD]PLãOMDWLRWHP, DOLELGRWDNãQLKWHUDSLMSULãOLKLWUHMHREvnaprejšnjem 
SR]QDYDQMXWDNLK navezav. 
5.3. 0RåQRVWUXGDUMHQMD]DVLQHUJLVWLþQLPL sekundarnimi metaboliti 
Razumevanje DNWLQREDNWHULMVNHJD VHNXQGDUQHJDPHWDEROL]Pa ter njegove izjemne bogatosti je 
pomembno WXGL ]D SULVWRSH NL MLK XSRUDEOMDPR SUL LVNDQMX QRYLK ]GUDYLO V zadnjih dveh 
GHVHWOHWMLKVRQDMYHþMHLQQDMEROML]SRSROQMHQHSODWIRUPH]DSUHVHMDOQHWHVWH NLREGHODMRWLVRþH
naravnih substanc relativno neuspešne. To še posebno velja, þHXSRãWHYDPo, GDMHNOMXEUD]PDKX
JHQRPLNH WHU RGNULWMX GD MH SRWHQFLDO VHNXQGDUQHJD PHWDEROL]PD PQRJR YHþML NRW MH ELOR
SULþDNRYDQR Uazmeroma malo terapij, NL VR Y WHPHlju nove [116, 117]. (GHQ L]PHG PRåQLK
UD]ORJRY]DWRMHPRUGDWUHQXWQDSDUDGLJPD]DKRGQHPHGLFLQHHQDXþLQNRYLQD - eno zdravilo. Zdi 
se, da zanemarjamo YHOLNR YHUMHWQRVW vzporednega delovanja YHþ UD]OLþQLK VHNXQGDUQLh 
PHWDEROLWRY GRORþHQHJD RUJDQL]PD Y QDUDYQHP RNROMX 3ULPHUL QRYLK VLQHUJLVWLþQR GHOXMRþLK
VHNXQGDUQLKPHWDEROLWRYNLEL MLK ODKNRXSRUDELOLNRWSURWRWLSH]DUD]YRMQRYLKWHUDSLMEL]DWR
SRJORELOL UD]PLãOMDQMDY VPHULQRYLKSULVWRSRYPUHåQH IDUPDNRORJLje [118]. âWHYLOR UD]LVNDQLK
VLQHUJLVWLþQLK SRYH]DY [3, 119] MH SUHVHQHWOMLYRPDMKQR JOHGH QD WLVRþH SR]QDQLK VHNXQGDUQLK
PHWDEROLWRY DNWLQREDNWHULM [6] LQ QRYLP SULORåQRVWLP NL MLK QDND]XMHMR SULVWRSL UXGDUMHQMD
PHWDJHQRPRY9]DGQMLKOHWLKVHVLFHUSRYHþXMHzanimanje ]DVLQHUJLVWLþQRGHOXMRþHVHNXQGDUQH
PHWDEROLWHLQWHPXSULPHUQRMHNDUQHNDMVLVWHPDWVNLKSULVWRSRY]DQMLKRYRRGNULYDQMHREURGLOR
sadove [119, 120, 121, 122]9HOLNGHOWHKSULVWRSRYWHPHOMLQDIXQNFLRQDOQHPSURILOLUDQMXNQMLåQLF
VHNXQGDUQLKPHWDEROLWRYUHGNLSDXSRãWHYDMRHYROXFLMVNRR]DGMHDOLELRORJLMRWHKVSRMLQ7RMH
preseneWOMLYRJOHGHQDWRGDVRPHWDJHQRPVND]DSRUHGMDSURGXFHQWRYVHNXQGDUQLKPHWDEROLWRY
verjetno eden najbolj dostopnih virov informacij. Na åDORsW WUHQXWQLELRLQIRUPDWVNLSULVWRSL]D
rudarjenje [24] JHQVNH JUXþe ]DVHNXQGDUQHPetabolite REUDYQDYDMRLQGLYLGXDOQRNDU]DNULYDVOHGL
HYROXFLMVNHQDYH]DQRVWL.OMXEWHPXEL ODKNRz manjšimi prilagoditvami REVWRMHþLh algoritmov, 
NRWMHQDSULPHUDQWL60$6+[29]L]YHGOLVLVWHPDWLþQRUXGDUMHQMHSRDNWLQREDNWHULMVNLKJHQRPLK
]QDPHQRPLVNDQMDRKUDQMHQHJDVR-QDKDMDQMDJHQVNLKJUXþ]DVHNXQGDUQHPHWDEROLWH6OLND36). 
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*OHGH QD RJURPQR ãWHYLOR UD]OLþQLK JUXþ ]D VHNXQGDUQH PHWDEROLWH NL MLK MH SULQHVHO UD]PDK
VHNYHQcLUDQMD DNWLQREDNWHULMVNLK JHQRPRY WHU DOJRULWPL ]D QMLKRYR UXGDUMHQMH EL VH WDNãQR
presejanje na podlagi so-QDKDMDQMD JHQVNLK JUXþ ODKNR L]ND]DOR NRW HGLQL smiselen QDþLQ
L]NRULãþDQMDSULORåQRVWLNLMLKponujajo VLQHUJLVWLþQR GHOXMRþLVHNXQGDUQLPHWDEROLWL 
5.4. =DNOMXþNL 
a) 9 WHP GRNWRUVNHP GHOX SUYLþ RSLVXMHPR GD EDNWHULMD Streptomyces rapamycinicus,
producent rapamicina, SURL]YDMD DNWLQRSODQVNR NLVOLQR $ – PRþDQ LQKLELWRU IDUQH]LO
transferaz. 2E WHP VPR RGNULOL VNXSDM  QRYLK VSRMLQ, povezanih z biosintezno potjo
DNWLQRSODQVNLKNLVOLQ
b) 3UHNo algoritmov za rudarjenje JHQRPD LQ V SRPRþMR XQLNDWQH zgradbe DNWLQRSODQVNLK
NLVOLQ smo napovedali JHQVNRJUXþR, ogovorno za bLRVLQWH]RDNWLQRSODQVNLKNLVOLQ WHUV
SULPHUMDYRSRGREQLKJUXþYGUXJLKRUJDQL]PLKGRORþLOLQMHQHRNYLUH
c) Za JHQVNR PRGLILNDFLMR EDNWHULMH S. rapamycinicus smo razvili nova XþLQNRYLWD
PROHNXODUQDRURGMDQDosnovi QXNOHD]H&5,635-Cas9=QMLKRYRSRPRþMRVPRSULSUDYLOL
YHþMHãWHYLORPXWDQWYELRVLQWH]QLSRWLLQSRYH]DQLKJHQLKQDWRSDSUHNDQDOL]H]/&-MS




d) 3RND]DOL VPR GD VH SROLNHWLGQR MHGUR DNWLQRSODQVNLK NLVOLQ DFLOLUD SUHNR QHWLSLþQHJD
IRUPLUDQMDHVWUDVSRPRþMRSHSWLGQH VLQWHWD]HVVRþDVQRUHGXNFLMRDNRQLWLOQHJD]DþHWQHJD
JUDGQLND 9SOHWHQL HQFLPL VR ILORJHQHWVNR RGGDOMHQL RG GUXJLK VLFHU L]MHPQR UHGNLK
SULPHURYSHSWLGQLKVLQWHWD]NLWYRULMRHVWUHYNOMXþQRVWLVWLPLNLVRGHOXMHMRYELRVLQWH]L
fumonizinov. KOMXE UHGNL NHPLML LQ SRGREQLP ELRVLQWH]QLP SULQFLSRP sta se obe poti
verjetno razvili neodvisno.
e) Ugotovili smoGDVHJHQVNLJUXþL]DUDSDPLFLQWHUDNWLQRSODQVNHNLVOLQHEUH]L]MHPHVR-
nahajata na genomih treh znanih producentov rapamicina NDU NDåH QD HYROXFLMVNR
povezanost LQ PRUHELWQR IXQNFLRQDOQR VRRGYLVQRVW 7R MH YRGLOR Y RGNULWMH PRþQH
VLQHUJLVWLþQHSURWLJOLYQHDNWLYQRVWLWHKGYHKVHNXQGDUQLKPHWDEROLWRY
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f) 1HRGYLVQRRGQDãLKVSR]QDQM MHY]DGQMLKOHWLKYNOLQLþQRID]RWHVWLUDQMDSULãORFHONXS
NRPELQLUDQLK WHrapij z rapamicinom ali njegovim analogom ter inhibitorjem farnezil-
transferaz.
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Actinobacteria possess a great wealth of pathways for produc-
tion of bioactive compounds. Following advances in genome
mining, dozens of natural product (NP) gene clusters are rou-
tinely found in each actinobacterial genome; however, the
modus operandi of this large arsenal is poorly understood. Dur-
ing investigations of the secondarymetabolome of Streptomyces
rapamycinicus, the producer of rapamycin, we observed accu-
mulation of two compounds never before reported from this
organism. Structural elucidation revealed actinoplanic acid A
and its demethyl analogue.Actinoplanic acids (APLs) are potent
inhibitors of Ras farnesyltransferase and therefore represent
bioactive compounds of medicinal interest. Supported with the
unique structure of these polyketides and using genomemining,
we identified a gene cluster responsible for their biosynthesis in
S. rapamycinicus. Based on experimental evidence and genetic
organization of the cluster, we propose a stepwise biosynthesis
of APL, the first bacterial example of a pathway incorporating
the rare tricarballylicmoiety into anNP. Although phylogeneti-
cally distant, the pathway shares some of the biosynthetic prin-
ciples with the mycotoxins fumonisins. Namely, the core
polyketide is acylated with the tricarballylate by an atypical
nonribosomal peptide synthetase–catalyzed ester formation.
Finally, motivated by the conserved colocalization of the rapa-
mycin and APL pathway clusters in S. rapamycinicus and all
other rapamycin-producing actinobacteria, we confirmed a
strong synergism of these compounds in antifungal assays.Min-
ing for such evolutionarily conserved coharboring of pathways
would likely reveal further examples of NP sets, attacking mul-
tiple targets on the same foe. These could then serve as a guide
for development of new combination therapies.
Actinoplanic acids A and B are actinobacterial secondary
metabolites first isolated from Streptomyces sp. MA7099 and
Actinoplanes sp. MA7066 for their farnesyltransferase inhibi-
tory activity (1). Actinoplanic acid A is a polyketide with a
30-membered carbon backbone, assembled from malonate,
methylmalonate, and ethylmalonate units. It contains a unique
tricarballylic acid–bridged structure, cyclizing a part of the
polyketide into a double-ester lactone (2) (see Fig. 1B). In acti-
noplanic acid B, this structure remains acyclic due to the
absence of the hydroxyl group on carbon 36 (3). Stereochemical
characterization of these compounds has remained elusive to
date due to the complex nature of the NMR spectra and the
inability to obtain crystalline material that would permit X-ray
studies (3). Despite their unique structural features, little atten-
tion has been devoted to actinoplanic acids after initial discov-
ery and characterization of their bioactive properties (1). In
these reports, actinoplanic acids A and B were found to be
highly potent and selective competitive Ras farnesyl-protein
transferase inhibitors (FTIs).3 Limited structure-activity rela-
tionship observations suggest that the tricarballylic moieties
and more specifically its free carboxylic groups are important
for the biological activity of actinoplanic acids (3). Ras GTPase,
one of the most prevalent oncogenes, is an important target in
development of anticancer drugs (4), and although FTIs have
not yielded approved therapies thus far, significant efforts are
being invested to harness their potential (5). In addition, FTIs
have been successfully used for the treatment of progeria and
are being considered for the treatment of Alzheimer’s disease
and certain protozoan infections (6).
In contrast to the actinoplanic acids, which remain unex-
plored in their biosynthetic origin, the only other known natu-
ral products featuring a tricarballylatemoiety, the fungal toxins
fumonisins (7) (see Fig. 1B), have received significantly more
attention. Encoded by 15 genes covering30 kb (8), the fumo-
nisin biosynthetic pathway is initiated with the formation of a
linear polyketide, which is assembled by an iterative type I
polyketide synthase (PKS) (9). The nascent polyketide is
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released by a unique mechanism, involving a condensation
reactionwith alanine or glycine to forma full-length, free, linear
intermediate (10), which is then modified further by a series of
post-PKS enzymes. Perhaps the most interesting among these
is the nonribosomal peptide synthetase (NRPS)-catalyzed acy-
lation of the intermediate, resulting in an ester with two tricar-
ballylic acids (11). The origin of the tricarballylate has also been
investigated, revealing an interesting reduction of aconitic acid
while thioester-bound to the NRPS complex (12).
The actinomycete Streptomyces rapamycinicus, initially clas-
sified as Streptomyces hygroscopicus, is best known for its pro-
duction of the immunosuppressant rapamycin (13). Following
the discovery of rapamycin’s inhibition of TOR complex signal-
ing, this macrolide has proven an invaluable asset for cell biol-
ogy research as well as clinical use (13). Because of its medical
and industrial importance, significant efforts have been
invested into understanding the biosynthesis of rapamycin and
improving the yield from S. rapamycinicus (13). In addition to
rapamycin, this organism has been reported to produce other
secondarymetabolites, including elaiophylin andnigericin (14).
Recently, the genome sequence of S. rapamycinicus ATCC
29253 was published, proving to be one of the largest actino-
bacterial genomes, rich in natural product (NP) biosynthetic
gene clusters (15).
In this study, we report accumulation of actinoplanic acid A
(2) and its novel demethyl analogue, which we have designated
actinoplanic acid C, in the fermentation broth of S. rapa-
mycinicus ATCC 29253. These compounds are unrelated to
any of the secondary metabolites previously reported from this
microorganism. Through genome mining, using PKS domain
architecture prediction tools, we identified the putative actino-
planic acid (APL) biosynthetic gene cluster. We further de-
scribe the APL biosynthetic pathway based on in silico analysis
and experimental evidence, which revealed the key biochemical
steps. CRISPR genome editing tools (16) were developed in
house for this organism and applied to the dissection of the
pathway. Most intriguing are the post-PKS steps, especially
the mechanism for acylation of the nascent polyketide with
tricarballylic moieties, which resembles the fumonisin bio-
chemistry in the involvement of an ester-forming NRPS and
the accompanied reduction of the tricarboxylic acid (TCA)
intermediate.
Furthermore, we have identified the APL cluster in other
bacterial genomes, without exception in the presence of the
rapamycin pathway. Taking into account the biochemical
similarities and genetic differences, both between the bacte-
rial representatives and compared with fumonisins, we dis-
cuss the evolutionary implications. Among these, the most
notable example is our discovery of a significant synergistic
effect in antifungal activity of rapamycin and actinoplanic
acid A, unveiling nature’s strategy to attack multiple targets
on the same foe. Our findings invite important questions in
the quest for new natural compounds of medicinal value.
Namely, how frequently have similar genetically conserved
synergies evolved in secondary metabolism, and how can we
identify potential synergistic compounds at the primary
DNA sequence level?
Figure 1. LC-MS chromatogram of S. rapamycinicus ATCC 29253 and S. rapamycinicus R073 culture extracts. A, full-scan LC-MS data in the m/z range
300–1000with normalized intensities on the vertical axis. Extracted (XIC) chromatograms show themajor actinoplanic acid species (1,2,3, and4).Mass spectra
of actinoplanic acid A (1) and actinoplanic acid C (2) are shown. Rapamycin-related compounds populate the right part of the chromatogram. HRMS: 1,
C51H80O16; measured [M NH4]
 966.57913; calculated [M NH4]
 966.579014;  0.12 ppm. 2, C50H78O16; measured [M NH4]
 952.56320; calculated
[M  NH4]
 952.563364;  0.17 ppm. 3, C51H82O17; measured [M  NH4]
 984.58960; calculated [M  NH4]
 984.589579;  0.02 ppm. 4, C50H80O17;
measured [M  NH4]
 970.57431; calculated [M  NH4]
 970.573929;  0.39 ppm. B, structures of actinoplanic acids found in S. rapamycinicus are
depicted on the far right. For comparison, the structure of fungal toxins fumonisins B and C is also shown. The tricarballylic moieties are colored red.
Actinoplanic acid biosynthesis and synergy with rapamycin




Identification of actinoplanic acids in S. rapamycinicus
LC-MS analysis of S. rapamycinicus ATCC 29253 cultures
revealed a compound withm/z [MNH4] 966.5 in the polar
section of the chromatogram (Fig. 1A). High-resolution MS
(HRMS) suggested a molecular formula of C51H80O16, corre-
sponding to actinoplanic acidA (1).We also identified a second
compound (1:5 ratio compared with 1) withm/z [M NH4]
952.5 and a proposedmolecular formula of C50H78O16. This cor-
responds to a novel actinoplanic acid demethyl analogue, which
we designated actinoplanic acid C (2). Both compounds were iso-
lated to yield white amorphous solids. 1D and 2D NMR was
applied to confirm the chemical structures (Fig. 1B and Figs. S1
and S2). In addition, previously undescribed open-chain variants
of both compounds were found withm/z [MNH4] 970.5 and
m/z [MNH4]984.5 (4 and3, respectively) in the same1:5 ratio
(Fig. 1A). TheHRMSdata agree with the proposedmolecular for-
mulasC50H80O17 andC51H82O17, respectively. The levels of these
compounds were 2 orders of magnitude lower compared with 1
and 2. Nevertheless, a suitable amount of 3 could be isolated to
allowstructure confirmationbyNMR(Fig. S3).Only tracesof acti-
noplanic acidB (5;m/z [MNH4]954.5) and its novel demethyl
analogue, actinoplanic acid D (6; m/z [M  NH4] 968.5) were
found at the limit of detection. A similar distribution of actinop-
lanic acid species, in somewhat higher overall levels, was observed
from a rapamycin producer, S. rapamycinicusR073, isolated from
ATCC 29253 (Fig. 1A).
Sequence analysis of the S. rapamycinicus APL gene cluster
The genome sequence of S. rapamycinicusATCC 29253 (15)
was analyzed with antiSMASH 3.0 (17), revealing a gene cluster
with PKS domain logic and predicted enzymatic features that
correspond well to the structural properties of actinoplanic
acids. Similarity searches in the nonredundant databases
revealed putative APL clusters in two other genomes, namely
Streptomyces iranensis HM35 (18) and Actinoplanes sp. N902-
109 (19), and were used comparatively to roughly frame the
cluster (Fig. 2 and Table S1). To improve the gene calling and
overall quality of the data, we resequenced the S. rapamycinicus
ATCC 29253 using PacBio RS II technology (GenBankTM
accession number QYCY00000000).
The APL genes of S. rapamycinicus show a typical type I PKS
cluster organization (Fig. 2). The core of the cluster is com-
posed of three large, modular PKSORFs (aplA, aplB, and aplC)
followed immediately downstream by two ORFs (aplD and
aplE), collectively encoding components of a single-module
NRPS. Next are a short-chain reductase (aplF) and a putative
/-fold hydrolase/acylase (aplG). Additionally, downstream
of aplG, a putative SARP transcriptional regulator was identi-
fied that is not conserved in the other two organisms.
Upstream of the PKS ORFs is a freestanding acyl carrier
protein (ACP) (apl1) followed by a putative 2-methylcitrate
dehydratase (apl2) and a CYP450 (apl3). This organization is
conserved in S. rapamycinicus and S. iranensis but not in the
Actinoplanes sp., which is devoid of the dehydratase gene. In all
three clusters, an /-fold hydrolase/acylase is found next to the
CYP450. In the S. rapamycinicus and S. iranensis clusters, a puta-
tive SAM-dependent methyltransferase is encoded next, whereas
inActinoplanes sp. this gene appears to be absent.
aplA, aplB, and aplC encode the thiotemplate for actinoplanic
acid core polyketide
Analysis of the PKS domain architecture by antiSMASH
revealed a 15-module PKS encoded within aplA, aplB, and
aplC. The PKS domain composition and extender prediction fit
well to the structural properties of the core polyketide (Fig. 3A).
As is often the case with modular type I PKS, there are several
predicted dehydratase domains within the PKS that need to be
inactive to yield the actinoplanic acid structure. Specifically,
this is observed with modules 2, 7, and 9. Similarly, the ketore-
ductase domain inmodule 14 is apparently inactive. Beyondmod-
ule 15, remnants of an additional module can be observed,
Figure 2. Genetic organization and synteny of rapamycin and actinoplanic acid gene clusters in genomes of the known rapamycin producers.
Genomic loci encoding the rapamycin and actinoplanic acid clusters of S. iranensis HM35, Streptomyces rapamycinicus ATCC 29253, and Actinoplanes sp.
N902-109were compared. The scale of the large PKS genes is compressed 2-fold. The S. rapamycinicusAPL gene cluster is labeledwith gene designations. CDS
locus tags, as found in the deposited genome annotations, are listed in Table S1.
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indicated by the presence of a ketosynthase domain and an acyl-
transferase (AT) domain, but in the absence of an ACP as well as
any of the reductive loop domains. Based on the conserved
QSSSLV amino acidmotif (20) in the ketosynthase domain of the
loadingmodule, we propose that the starter unit is obtained from
malonyl-CoA, which is decarboxylated upon initiation of PKS
synthesis.
We introduced a frameshift deletion into the 5 end of S. ra-
pamycinicus aplA gene and analyzed the mutant cultures by
LC-MS. Complete absence of actinoplanic acids was observed
(Fig. 3C), whereas the accumulation of other secondary metab-
olites remained largely unaffected (Fig. S4A). This confirms
that the described PKS system is responsible for the biosynthe-
sis of actinoplanic acids.
Actinoplanic acid PKSmodule 14 is promiscuous,
incorporating either ethylmalonyl-CoA ormethylmalonyl-CoA
Isolation of the novel actinoplanic acid C, having a methyl
substituent at carbon 4 instead of an ethyl moiety, led us to
assume that there is a level of promiscuity associated with the
AT domain of module 14. Promiscuity of AT domains is fre-
quently observedwith various type I PKSproducts (21). In these
cases, the rate of incorporation of a certain extender-CoAmoi-
ety largely depends on relative availability of the competing
substrates from the cellular pool. Moreover, by feeding of syn-
thetic extender–N-acetylcysteamine analogues in the absence
of cluster-encoded biosynthesis of suitable extenders, this
promiscuity can be fully exploited to dictate exclusive produc-
tion of polyketide products with the desired substituents (22).
To reduce ethylmalonyl-CoA levels in the cellular pool and
measure the consequent relative changes in the amounts of
1 versus 2 in the cultures, we targeted the crotonyl-CoA re-
ductase (CCR) genes of S. rapamycinicus. Several highly con-
served homologues were found in the genome. Two instances
(M271_06415 and M271_13255) were comparatively highly
expressed according to quantitative PCR analysis. Sequence
analysis of the genomic context revealed that M271_06415 is
located in the elaiophylin gene cluster, a biosynthesis path-
Figure 3. The proposed biosynthesis of actinoplanic acids in S. rapamycinicus. A, PKS assembly. Extender unit utilization and polyketide condensation
sequence as derived from the bioinformatics prediction and structural properties of actinoplanic acid are shown. Eachmodule is numbered anddepictedwith
the encoded catalytic domains. The domains predicted to be inactive are crossed out. B, post-PKS sequence. The proposed NRPS-catalyzed acylation with
tricarballylate side chains resulting in the double-lactone structure of 1 and 2 is shown. C, phenotype of S. rapamycinicus aplA mutant. Extracted LC-MS
chromatograms (XIC), with normalized intensities on the vertical axis, show themajor actinoplanic acid species (1,2,3, and4) in S. rapamycinicusR073 (WT) and
S. rapamycinicusR073aplA.D, phenotypes of S. rapamycinicusCCRmutants. Extracted chromatograms (XIC), with normalized intensities on the vertical axis,
show the major actinoplanic acid species (1, 2, 3, and 4) in S. rapamycinicus R073 (WT), S. rapamycinicus R073 M271_06415, and S. rapamycinicus R073
M271_06415 M271_13255.
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way known to utilize ethylmalonyl-CoA extender units (14, 23).
The secondCCR (M271_13255) is positioned next to a putative
ethylmalonyl-CoA mutase, which likely makes it a part of the
generally conserved ethylmalonyl-CoA pathway (24). An
M271_06415 in-frame deletion mutant was constructed, and
cultures were analyzed by LC-MS. The levels of extender-CoA
in the CCRmutant were not directly measured; however, lower
relative levels of elaiophylin and of the recently described rapa-
mycin analogues, the homorapamycins (25), indicated a reduc-
tion in the ethylmalonyl-CoA cellular pool. Indeed, the ratio of
1 versus 2 changed from 5:1 in the WT strain to 2:1 in the
M271_06415 mutant, whereas the sum of both remained
at similar levels. When a double M271_06415,M271_13255
mutant was investigated, the change in the ratio was evenmore
pronounced, inverting from 5:1 to 1:5 (Fig. 3D and Fig. S5).
These results imply that the outcome of the APL pathway
depends on the cellular extender-CoA pool composition.
Moreover, with the absence of cluster-encoded CCR, an inter-
pathway substrate supply is indicated, not only for actinoplanic
acid but also for the rapamycin pathway. The latter is
reflected in reduced production of the homorapamycins that
was imposed by the CCR mutations. Despite this lack of
self-sufficiency in ethylmalonyl-CoA supply, actinoplanic
acid A is most likely the true end product of the pathway
because the accumulation of demethyl congeners in S. rapa-
mycinicus seems to be an exception among the known pro-
ducers of actinoplanic acids (1).
Cluster-encoded NRPS initiates the first of the post-PKS
modifications, the acylationwith tricarballylic acid
The aplD and aplE genes are found in the APL cluster imme-
diately downstream of the PKS core genes and are predicted to
contain components of a single-module NRPS: aplD encodes
an adenylating (A) domain and peptidyl carrier protein (PCP),
whereas the aplE encodes a free-standing condensation (C)
domain (Table S1). The coding domains are overlapping and
appear to be organized into a bicistronic operon. An in-frame
deletion of aplD in S. rapamycinicus resulted in loss of actino-
planic acid production according to LC-MS analysis. Instead,
the bare PKS products 7 and 8 with m/z [M  H] 635.5 and
621.5, respectively, were found to accumulate in the cultures
together with their respective methyl esters, 9 and 10 (Fig. 4A).
These intermediates, which again differ in the presence of
either a methyl or ethyl group on carbon 4, were found in the
same 5:1 ratio that can be observed between 1 and 2 in theWT
strain. Identical results were obtained with an aplE in-frame
deletionmutant (Fig. S6). 9 and 10 readily hydrolyzed to yield 7
and 8 under alkaline conditions (Fig. S7). We were also able to
obtain 7 and 8 by alkaline hydrolysis of respective actinoplanic
acids 5, 6, 11, and 12. Structures of 7, 8, 9, and 10 were then
confirmed by comparative HRMS/MS fragmentation of these
different sources (Fig. S7).
Themethyl esterification of the PKS backbone is unexpected
because no trace of it can be found on any other actinoplanic
acid species. These results may imply a pathway nonrelevant
methylation event, with the acting methyltransferase being
selective toward nonacylated PKS intermediates. Significant
differences in charge and polarity brought by the acylation
could verywell support such selectivity. A putative class I SAM-
dependent methyltransferase is encoded at the border of the
S. rapamycinicus APL cluster (apl5), and members of this
superfamily have been known to catalyze formation of methyl
esters (27–28). Because apl5 is not conserved in the clusters of
all three hosts, we presumed that this gene is unlikely to be of
critical importance for the pathway. Therefore, experimental
Figure 4. Phenotype of the S. rapamycinicus aplD deletion mutant. A, extracted LC-MS chromatograms (XIC) show the major actinoplanic acid species (1
and 2) and the core PKS intermediates in S. rapamycinicus R073 (WT) and S. rapamycinicus R073 aplD. Normalized intensities are shown on the vertical axis.
Mass spectra of 7 and 8 are shown. B, the proposed structures of 7, 8, 9, and 10 are based on comparative HRMS/MS data with analogues derived synthetically
from authentic actinoplanic acid samples (Fig. S7). HRMS: 7, C39H70O6; measured [M  H]
 635.52426; calculated [M  H] 635.525065;  0.64 ppm. 8,
C38H68O6; measured [MH]
 621.50867; calculated [MH] 621.509415;0.55 ppm. 9, C40H72O6; measured 649.54022; calculated 649.540715;0.15
ppm. 10, C39H70O6; measured 635.52484; calculated 935.525065;  0.27 ppm. C, approximately maximum-likelihood, bootstrapped phylogenetic tree of
various subtypes of condensation proteins/domains (see Fig. S8 and Data Set S1 for details) with schematic mode of action for assembly line C domains (blue)
compared with ester-forming C domains (yellow and green) acting on nontethered substrates. D, active site motif conservation (see Fig. S8 and Data Set S1 for
details). Multiple alignmentsweremade from the complete dataset fromC (consensus), five Fum14 analogues from Fusarium andAspergillus, the three known
AplE homologues, and the ester-forming clade surrounding SgcC5.
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data to support its role or the role of the observed methylation
are not available at this time.
In trans complementation of themutations in aplD and aplE
by a chromosomally integrated copy of aplDE under control of
the strong ermE* promoter reversed the mutant phenotype
back to normal actinoplanic acid production with concomitant
near disappearance of 7, 8, 9, and 10 (Fig. S6). This confirms
that the tricarballylate acylation of the PKS intermediate is cat-
alyzed by an unusual ester-forming NRPS activity encoded by
aplD and aplE.
Typically, NRPS and hybrid PKS–NRPS complexes function
as chain elongation assembly lines. The growing chain is teth-
ered with the terminal carboxylic group to the ACP/PCP of the
module last in operation. This keeps the carboxylic group of the
growing chain activated for condensation with the extender,
which is waiting, also thioester-bound, on the next module in
line (Fig. 4C). Thus, the direction of the chain elongation is
defined (29). In contrast, the NRPS of the APL pathway has a
function in post-PKS ornamentation, acting on positions distal
to the terminal carboxylic group of the core polyketide (Fig.
4C). This atypical activity does not require the nascent
polyketide to remain phosphopantetheinyl-bound during
the acylation. Significant accumulation of the full-length,
free intermediate in the aplD and aplE mutants indicates
that the polyketide backbone can be efficiently released from
the PKS without being acylated. Small amounts of 7, 8, 9, and
10 can be also be detected in the WT cultures (Fig. 4A).
Considering all the above, it is highly likely that AplD/AplE
NRPS is acting on the released polyketide intermediate.
Based on the domain prediction, the APL PKS seems to lack
a release thioesterase domain; instead, one of the conserved
hydrolases encoded within the cluster (aplG or apl4) may be
involved in this release.
We attempted to confirm acylation of the free core
polyketides 7 and 8 by feeding them to cultures of S. rapa-
mycinicus aplA, harboring an additionally integrated copy
of aplDE. Judging from the complementation experiments
described above (Fig. S6), this construct should provide effi-
cient expression of the NRPS. Despite several attempts, which
were extended to in vitro experiments using cell-free extracts of
the above cultures in the presence of various TCA substrates
and ATP, we failed to obtain convincing results. The likely rea-
son is the poor solubility of intermediates 7 and 8 in an aqueous
environment at mild conditions, which was confirmed by the
complete absence of 7, 8, 9, and 10 in samples of in vitro exper-
iments as well as in intact or disrupted cultures of S. rapa-
mycinicusaplD unless an organic solvent was used for extrac-
tion (Fig. S9).
Examples of ester-formingNRPS systems are scarce (30), and
the APL pathway therefore adds to a small, but growing list of
secondary metabolite enzymes possessing this activity. Inci-
dentally, the first ester-forming NRPS described, Fum10/
Fum14, catalyzes the tricarballylate esterification in the fumo-
nisin pathway (11, 31). Fum14, which encodes a C domain and
PCP, has been shown to act on a nontethered PKS intermediate
in vitro (11). Recently, another representative of these free-
standing, ester-forming C proteins was examined in detail (32).
The SgcC5, involved in the biosynthesis of streptomycetal
C-1027 enediyne chromophore (33), was also confirmed to act
by acylation of a free substrate. Based on phylogenetic relations,
the authors propose a new family of ester-forming C enzymes,
which constitute a distinctive clade with SgcC5 and possess a
signature HHXXXDX14Y motif in the active site (32). Reusing
input data of this study, we positioned the Fum14 and the AplE
homologues into the phylogenetic tree of NRPS C domains.
Interestingly, the tricarballylic acid–transferring enzymes do
not follow the proposed conserved active site rule or share phy-
logenetic relations. Instead, these proteins form divergent
clades, one containing the Fum14 orthologues and the other
containing the three known AplE orthologues (Fig. 4, C and D,
and Fig. S8).
Origin of the tricarballylic acid
In fumonisin biosynthesis, the starting block for the synthesis
of the tricarballylate side chains originates from the TCA cycle.
A specific mitochondrial exporter, Fum11, supplies cis-aconi-
tate to the fumonisin pathway (34). The substrate for the NRPS
A domain (11) is thereby sequestered from the highly active,
reversible mitochondrial aconitase by action of this trans-
porter. An analogous mechanism was proposed for supply of
cis-aconitate to itaconate biosynthesis in Aspergillus terreus
(35). In bacteria, subcellular compartmentalization is absent;
therefore, the starting block for the tricarballylate moiety in
the APL pathway could be directly supplied from the TCA
cycle. Interestingly, just upstream of the actinoplanic acid PKS
ORFs in the S. rapamycinicus genome, we have found a pu-
tativemethylcitrate dehydratase–encoding gene (MmgE/PrpD
superfamily), apl2. In addition to methylcitrate, certain bacte-
rialmethylcitrate dehydratases can also catalyze dehydration of
citrate and isocitrate at somewhat lower rates. In contrast to
aconitases, they are unable to rehydrate the cis-aconitate and
related nonsaturated compounds (36). Contrary to our suspi-
cions, an in-frame deletion of apl2 in S. rapamycinicus proved
noncritical for the APL pathway under various conditions
tested (Fig. S10) and was not investigated further.
By drawing parallels to fumonisin biosynthesis and presum-
ing that cis-aconitate originating from the TCA cycle is the
starting block for the acylation, it is clear that a saturation step
is needed at some point to yield the tricarballylic groups of the
actinoplanic acids. Immediately adjacent to the aplD/aplE pair,
we have located a putative NAD(P)H-dependent short-chain
reductase gene, aplF.Asimilarity search and conserved domain
analysis predicted that AplF is most closely related to enoyl-
ACP reductases and 3-oxoacyl-ACP reductases involved in
fatty acid and polyketide biosyntheses. Interestingly, the gene is
in opposite orientation to aplD/aplE and therefore transcribed
independently (Fig. 2).
An in-frame deletion of aplF resulted in loss of actinoplanic
acid production. Instead, a group of new compounds, 11 and
12, was found to accumulate withm/z [M NH4] 964.5 and
950.5. Detailed investigation with HRMS confirmed molecular
formulas of C51H78O16 and C50H76O16, revealing that the new
compounds are tetradehydro analogues of 5 and 6, respectively.
More specifically, these compounds have aconitic instead of
tricarballylic acid incorporated at both of the expected posi-
tions. In total, eight chromatographically separated isomers
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were found for each, 11 and 12 (Fig. 5A). This abundance of
isomers is presumably due to the ability of the aconitic acid
moiety to act as a conjugated system, allowing spontaneous
double bond translocation (12). The possible isomers therefore
include the geometric and regioisomers for each of the aconityl
side chains, that is the trans/cis and the 2-ene/3-ene translo-
cation. Alkaline hydrolysis of 11 and 12 isomers gave single
peaks of 7 and 8, respectively (Fig. S7). This, together with the
HRMS data, confirms the structures of 11 and 12 as well as the
assumption that the isomerization is occurring on the aconityl
moieties. In trans complementation of the mutation with the
aplF expressed under control of ermE* promoter (permE*)
partially reversed the phenotype as indicated by the presence
of actinoplanic acids 1 and 2 in the fermentation cultures
(Fig. S11).
The above results resemble the phenotype obtained when
fum7 of the fumonisin biosynthetic pathway is blocked (12) and
confirm the reductive function of AplF. These data are insuffi-
cient, however, to determine at which point in the post-PKS
sequence the reduction of aconityl moieties takes place, i.e. on
the free aconitic acid, the aconityl-PCP, or 11 and 12. Based on
similarity, AplF can most accurately be described as an enoyl-
ACP reductase, thereby requiring a thioester-bound substrate
such as acyl-ACP (PCP) or acyl-CoA for activity (37). This
excludes the aconityl esters 11 and 12 or the free aconitic acid
as likely substrates for the AplF. It is evident from the results
that theAplD/AplENRPS is able to catalyze the acylation of the
actinoplanic polyketide with aconityl moiety in the absence of
AplF activity. Thus, the aconitate must be associated with PCP
of the AplD at some point to allow this outcome. Complete loss
of acylation observed with the inactivation of AplD (Fig. 4A)
confirms the criticality of theAdomain andPCPof this protein,
thereby offering a clue on the activationmechanism for the free
TCA starting block as well as providing a plausible substrate for
the AplF.
Therefore, we propose that the most likely order of events in
the actinoplanic acid biosynthesis is as follows: the aconitate is
loaded to the PCP of AplD via adenylation and reduced by
action of AplF to form tricarballyl-PCP, which is then used for
acylation of the PKS product by AplE, resulting in 5 and 6 (Fig.
3B). In this scenario, 11 and 12 are only shunt products unique
to the aplF mutant and not intermediates in the pathway. A
similar conclusion was made for the tetradehydro analogues of
fumonisins (12).
Although the mechanism of post-PKS acylation in biosyn-
thesis of fumonisin and actinoplanic acids seems strikingly sim-
ilar, significant evolutionary distances between the involved
pathways suggest a convergent evolution of this biochemistry.
In addition to distances observed between the condensation
domains of both ester-forming NRPSs, this is also reflected in
the fact that Fum7 is a member of the iron-containing alcohol
dehydrogenases (12), whereas AplF is a short-chain reductase/
dehydrogenase. Given the rarity of natural products containing
tricarballylic acid and the peculiarity of the enzymology, the
above is a noteworthy observation.
CYP450monooxygenase Apl3makes the first step toward the
lactonized actinoplanic acids
A putative P450 hydroxylase gene, apl3, was found upstream
of the core PKS genes. The genetic organization suggests an
independently transcribed gene, lacking the often adjacently
encoded ferredoxin. In-frame deletion of apl3 resulted in com-
plete absence of actinoplanic acids 1, 2, 3, and 4 with concom-
itant appearance of actinoplanic acids B and D (5 and 6), indi-
cated by separate peaks withm/z [MNH4] 968.5 and 954.5,
respectively, in the usual 5:1 ratio (Fig. 5B). HRMS confirmed
the identity of 5 and 6, whereas their alkaline hydrolysis yielded
7 and 8 (Fig. S7). Complementation of the mutation with chro-
mosomally integrated apl3 under the control of permE*
resulted in partial reversion of the phenotype (Fig. S12). The
Figure5. Phenotypeof theS. rapamycinicus aplFdeletionmutant.A, extracted LC-MSchromatograms (XIC),withnormalized intensities on the vertical axis,
show themajor actinoplanic acid species (1 and2) and the isomers of the nonsaturated analogues of actinoplanic acids B andD (11 and12) in S. rapamycinicus
R073 and S. rapamycinicus R073aplF.Mass spectra are from the largest extracted peak for each, 11 and 12, andwere found representative for all other peaks.
HRMS: 11, C51H78O16; measured [M NH4]
 964.56298; calculated [M NH4]
 964.563364; 0.39 ppm. 12, C50H76O16; measured [M NH4]
 950.54733;
calculated [M NH4]
 950.547714; 0.40 ppm. B, deletion of apl3 results in a shift to production of actinoplanic acids B and D (5, 6). Extracted chromato-
grams (XIC), with normalized intensities on the vertical axis, show the major actinoplanic acid species (1, 2, 3, 4, 5, and 6) in S. rapamycinicus R073 (WT) and
S. rapamycinicus R073 apl3. Mass spectra of 5 and 6 are given on the right. HRMS: 5, C51H82O16; measured [M  NH4]
 968.59425; calculated [M  NH4]

968.594664; :0.43 ppm. 6, C50H80O16; measured [M NH4]
 954.57867; calculated [M NH4]
 954.579014; 0.36 ppm.
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formation of the hydroxyl group of carbon 36 and, subse-
quently, the ability to form lactonized species of actinoplanic
acids are therefore dependent of the function of this gene.
The order of events in the pathway is indicated by the
absence of core polyketide intermediates hydroxylated at posi-
tion 36 in the cultures of aplD deletion mutant, suggesting that
the hydroxylation is carried out only after the acylation of the
PKS backbone. In other words, the hydroxyl group must be
introduced only after the formation of 5 and 6. Given the struc-
tural similarity of these compounds with 11 and 12, which
accumulate in the aplFmutant, it is surprising that the latter are
not hydroxylated further by the action ofApl3. It is unlikely that
the aplFmutation would have a polar effect on apl3 expression
because the genes are located at the opposite sides of the gene
cluster (Fig. 2). Indeed, reappearance of actinoplanic acids 1
and 2 upon in trans complementation of the aplF mutation
(Fig. S11) confirms that Apl3 is active in this mutant. Consid-
ering all the above, it is possible that the structural differences
imposed by the aconityl side chains, albeit relatively distal to the
hydroxylation position, are the cause for the inability of 11 and
12 to serve as a substrate for Apl3.
Hydroxylated, open-chain derivatives 3 and 4, which were
found in the culture broth of WT S. rapamycinicus in signifi-
cantly higher amount compared with 5 and 6 (Fig. 5B), indicate
that lactonization rather than hydroxylation is the limiting step
in the pathway. In contrast, Actinoplanes sp. MA7066 was
reported to produce a mixture of actinoplanic acids A and B (1
and 5), whereas the Streptomyces sp. MA7099 produced exclu-
sively actinoplanic acid B under the conditions used in the
study by Singh et al. (3). It is not clear at this time how the
closing of the double-lactone ring occurs; however, it is plausi-
ble that one of the conserved, cluster-encoded /-fold hydro-
lases/acylases (AplG or Apl4) has a role in this reaction.
APL gene cluster is colocalized with the rapamycin cluster
In the genomic context, the APL cluster is located adjacently
to the rapamycin gene cluster in S. rapamycinicus (Fig. 2).
Although regions condensed with secondary metabolite gene
clusters outside of the core of the genome are not unusual in
actinomycetes, the immediate proximity of the two clusters
may have amore intimate evolutionary and therefore also func-
tional background (38). Making genome-wide searches across
all major publically available bacterial genome databases
(NCBI, Broad Institute, and Joint Genome Institute), we were
only able to find relevant similarity hits for the APL pathway
in the genomes of the three known rapamycin producers
(13). Vice versa, despite the increasing number of sequenced
actinobacterial genomes, the S. rapamycinicus ATCC 29253,
S. iranensis HM35, and Actinoplanes sp. N902-109 remain the
only repositories of the rapamycin pathway sequenced to date.
In this respect, it would be interesting to examine the genomes
of the original actinoplanic acid producers, Streptomyces sp.
MA7099 and Actinoplanes sp. MA7066 (1); however, these
have not been sequenced yet. As in S. rapamycinicus, the APL
and rapamycin gene clusters are also found in immediate prox-
imity in the Actinoplanes sp. genome but not in S. iranensis
where the two clusters seem to be located at the opposite arms
of the chromosome. In light of all the above, we wondered
whether perhaps the conserved colocalization of the pathways
was more than a mere coincidence. Based both on the gene
topology and similarity results, we performed synteny analysis
between genomic loci harboring the rapamycin and APL clus-
ters of the three organisms. Although both clusters are con-
served at least in their essential functionality, we found a
significant difference in genetic organization of the regions sur-
rounding the PKS genes (Fig. 2). Clearly, multiple recombina-
tion events had to occur in each of the hosts from the presum-
ably common, ancient genetic origin to come to this situation.
This leads one to consider a possible evolutionary codepen-
dence of the products of both pathways.
One indication of such codependence would be an inter-
twined regulation of expression of the two clusters in either
synchronous or contingency mode. To study these connec-
tions, we targeted the putative transcriptional regulators of
both pathways. In-framedeletion of the SARP gene found at the
flank of the APL cluster of S. rapamycinicus, aplR, had no influ-
ence on the production of actinoplanic acids or rapamycin
comparedwith theWTstrain (Fig. S4C). In contrast, deletion of
the rapG and rapH genes, the regulators of the rapamycin path-
way (39), resulted in complete loss of rapamycin production but
had no influence on the levels of actinoplanic acids (Fig. S4B).
Thus, the expression control of the APL pathway as well as any
regulatory relationships with the rapamycin pathway remain
unresolved.
Nevertheless, under the cultivation conditions used in this
study, the production of rapamycin and actinoplanic acids
seems to be temporally coordinated (Fig. S13). Therefore, we
examined a potential functional synergy of the two compounds.
Because both rapamycin and actinoplanic acids have been
shown to be active against eukaryotic targets, the TOR com-
plexes (40) and Ras farnesyl-protein transferase (2), respec-
tively, antifungal assays were chosen for the purpose at hand.
Actinoplanic acid A and rapamycin show strong synergism in
antifungal activity
We selected three diverse fungal species,Aspergillus fumiga-
tus, Candida albicans, and Rhizopus oryzae, for growth inhibi-
tion assays with rapamycin and actinoplanic acid A (1), the
major end product of the APL pathway. The concentrations
of the two compounds in the assays were kept well within the
biosynthetic potential of S. rapamycinicus ATCC 29253,
which accumulates rapamycin and 1 at 55 and 120 M,
respectively.
Fungal cells were embedded in agar medium along with sub-
inhibitory concentrations of 1. When the agar solidified, rapa-
mycin solution was spotted on top. After incubation, growth
inhibitionwas observed in the form of clear areas in thewell. As
expected, a growth inhibition activity of rapamycin (40) was
observed. This activity was significantly enhanced with the
addition of subinhibitory amounts of 1 (Fig. 6A).
To ensure that the observed synergistic activity is not due to
an artifact arising from the order of compound addition, the
R. oryzae test was repeated. This time the cells were first
embedded into the agar in the presence of rapamycin, and1was
then spotted on top. This experiment resulted in similar inhi-
bition patterns. In addition, concentration levels of both com-
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poundswere adjusted to reflectmaximal subinhibitory concen-
trations within the assay. Although both 1 and rapamycin failed
to show a clear inhibitory effect on their own, the wells with
inclusion of as little as 0.32 nM rapamycin in the agar resulted in
clear inhibition zones provided that 1 was present (Fig. 6B). It
should be noted that a difference in potency of actinoplanic acid
species was reported before (3). This may also hold true for the
synergistic activity with rapamycin, but it remains to be tested.
To gain further insight into the effects underlying the growth
inhibition observed with the initial assays, R. oryzae was grown
in chamber slides in potato dextrose broth (PDB) supple-
mented with various concentrations of rapamycin and 1 (Fig.
6C). In agreement with the results observed in the agar tests, 1
alone, even at the highest concentration tested (10 M), had no
apparent antifungal activity. Rapamycin, however, did show
partial inhibition of conidial germination but only at the highest
concentration tested (25 nM). Strikingly, combining 1 nM rapa-
mycinwith 2M1 resulted in close to full inhibition ofR. oryzae
spore germination. Again, the results demonstrate a clear syn-
ergistic effect of these two compounds against fungal growth.
The morphological state of the exposed cultures suggests a
developmental arrest; the synergy could therefore lie in the
enhancement of rapamycin’s mode of action. The latter is also
supported by the apparent absence of antifungal activity of acti-
noplanic acid A alone even at relatively high concentrations
(Fig. 6).
Antifungal activity of rapamycin is due to inhibition of cellu-
lar signaling through TOR complex 1 (TORC1), thereby inter-
fering with cell cycle progression, growth, and development
and with general synthesis of cellular components. Specifically,
rapamycin arrests fungal cell cycle at the G1 phase (40).
Although the role of TORC1 has been investigated in relative
detail, the understanding of its rapamycin-insensitive counter-
part, the TORC2, is relatively poor (41). In an intertwined
upstream and downstream signaling network, the two com-
plexes coordinate processes such as protein synthesis, ribo-
some biogenesis, transcription, cell-cycle progression, cyto-
skeleton organization, stress response, and autophagy (42).
Despite the wide conservation of the basic functionality
throughout eukaryotes, the composition of the TOR-centered
signaling network may differ significantly between various
organisms (43, 44). Still, most signaling pathways upstream of
the TOR complexes involve one or more small, farnesylated
GTPases of the Ras superfamily.Most notably, the small G pro-
teins Rheb, Rab, Ras, and others have been found to be involved
with TOR activation in various organisms (45, 46).
Unlike the zaragozic acids, which also feature FTI activity
and a tricarboxylic structural moiety (47), actinoplanic acids
were found to be inert toward geranylgeranyl-pyrophosphate
synthase and squalene synthase (1). Notwithstanding the pos-
sibility of an alternative mode of action, it is tempting to spec-
ulate on the plausible role of actinoplanic acids as potent and
selective FTIs (1), thereby escalating the effects of rapamycin.
Indeed,mutations inTOR-activatingGTPases RhbI andGtrI in
C. albicans have been shown to induce hypersensitivity to ra-
pamycin (48, 49). In addition, synergistic antiproliferative activ-
ity of an FTI and rapamycin has been found in several mamma-
lian cancer cell lines (50–52). Again, this was postulated to be
due to inhibition of the Rheb GTPase, which normally directly
activates TORC1 (46). Subsequently, several combination ther-
apies with a rapamycin-derived drug and an FTI have been sub-
jected to clinical testing recently (see Table S2 for the list of 34
clinical trials, including theNML identifiers).Whichever target
of actinoplanic acidmayprove to be valid, themechanismof the
synergetic activity with rapamycin is worthy of further investi-
gation because the signaling network involving both TOR com-
plexes is of principal interest to cell biologists and is a recog-
nized target of clinical value.
Conclusions
Even well studied organisms such as S. rapamycinicus still
hold surprises to be unveiled, in our case the biosynthesis of
Figure6. Synergistic antifungal activityof rapamycinandactinoplanic acidA.A, agar assayswithA. fumigatus,R. oryzae, andC. albicans. Actinoplanic acid
Awas embedded into the PDAalongwith fungal cells. Rapamycinwas then spotted on top. Plateswere photographed after 24 hof growth. B, a repeated assay
where first rapamycin was embedded into the PDA along with R. oryzae conidia, and actinoplanic acid was spotted on top of the agar. C, synergistic antifungal
activity of rapamycin and actinoplanic acid A in PDB liquid culture. Microphotographs of R. oryzae conidia grown in chamber slides are shown. The photo-
graphs were taken after overnight incubation at 35 °C. Various concentrations of rapamycin and actinoplanic acid A were supplemented to the medium.
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actinoplanic acid and its novel analogues that lay undiscovered
for over two decades. These findings led to the identification of
the actinoplanic acid biosynthetic gene cluster and elucidation
of the pathway sequence and biochemistry. In addition, we have
provided insight into the origin of the structural diversity
among the actinoplanic acid species. An important motivator
for our efforts was the rare biochemistry involved with the tri-
carballylate group incorporated into the actinoplanic acids, the
only known bacterial compounds to possess such amoiety. Our
work provides an outline of the second example of this bio-
chemistry in addition to the well examined fungal fumonisins.
The core of the pathway comprises a hybrid PKS–NRPS sys-
tem, which is perhaps counterintuitive at first glance due to the
absence of amide bonds in the actinoplanic acid structure.
Interestingly, the divergent NRPS catalyzes the formation of
esters between the tricarballylic moieties and the unmodified
product of the PKS. It is surprising to see that despite the clear
evolutionary distances and rarity of the chemistry involved,
there is a close resemblance between the fumonisin and actino-
planic acid pathways, suggesting convergent evolution of the
two systems.
Furthermore, the evolutionary connection reflected in the
conserved cohabitation of biosynthetic clusters for rapamycin
and actinoplanic acids invited us to explore the synergism
between two secondary metabolites produced by a single orga-
nism. It is increasingly evident that in their natural environ-
ment secondary metabolites produced by one organism often
act in unison against multiple targets on the same foe, and so
one of the paths toward network pharmacology (54) may lead
from this unexpected source. Rapamycin, first isolated for its
relatively weak antifungal properties, can now perhaps be bet-
ter appreciated in the context of its partner, actinoplanic acidA,
as a potent “one-two punch” antifungal assault. This combina-
tion attack is of course not unique. One of themost widely used
anti-infectives today for example, the amoxicillin–clavulanic
acid combination antibiotic drug (55), has its ancient blueprint
in nature. The genome of the producer of clavulanic acid, the
actinomycete Streptomyces clavuligerus, encodes adjacent,
coregulated biosynthetic gene clusters for a -lactam antibi-
otic, -lactamase inhibitor pair, cephamycin C and clavulanic
acid (56). This genetically imprinted functional synergy of the
two secondary metabolites makes perfect sense, both in evolu-
tionary and ecological aspects (38), as it increases the potency of
the attack and therefore gives a competitive advantage to the
host (Fig. 7A).
Despite the huge diversity in chemical space that the natural
products represent, the repetitive use of similar search strate-
gies has led to redundancy and a decline in the number of fun-
damentally novel therapies (57, 58). One plausible reason is
that, restricted by the single-compound therapy paradigm, we
have largely neglected the evolutionary events resulting in
genetically conserved coharboring of natural product path-
ways, their coproduction, and the teachings hidden therein.
The number of known synergistic relationships (38, 59) is sur-
prisingly small, considering the thousands of discovered acti-
nobacterial NPs (60) and the enormous arsenal of these com-
pounds revealed by the rapid development of (meta)genomics.
Nevertheless, increased interest in synergistic activity of natu-
ral products has already resulted in several successful attempts
in systematic discovery of such NP pairs (59, 61–63). Many of
these approaches are based on functional profiling of NP; how-
ever, few exploit evolutionary origins or ecological roles in their
strategy. This is surprising because the sequence data of NP-
producer genomes are one of the most widely accessible and
rich resources. Unfortunately, the existing bioinformatics algo-
rithms (64) process the secondary metabolite pathways in an
isolated manner, leaving the evolutionary conservation hidden
in plain sight.
Thus, it may be possible to extend the search for such syner-
gies into a wider scope with suitably adapted and systematic
genome mining (Fig. 7B). Incidentally, this could prove to be
the only practical way to address the opportunities presented by
synergistic natural products when considering the enormous
arsenal of these compounds revealed by the rapid development
of (meta)genomics in recent years.
Experimental procedures
Strains andmedia
S. rapamycinicus ATCC 29253 (S. hygroscopicus subsp.
hygroscopicus NRRL 5491) (65) and S. rapamycinicus R073, a
rapamycin producer isolated from ATCC 29253, were used in
this study. R073 and ATCC 29253 share 99.1% nucleotide and
98.7% CDS amino acid sequence identity over the rapamycin
and APL pathway region. All manipulation on solid media was
done with TAA4 agar plates (Table S3) incubated at 28 °C for 9
days. Where appropriate, apramycin (60 mg/liter) and theo-
phylline (4 mM) were supplemented to the medium. Spores
Figure 7. A, schematic representation of independent versus synergistic NP
attacks. The competitive advantage for carriers of synergistic NP promotes
evolutionary conservationofNPgene cluster coharboring.B, a possiblework-
flow for systematic genome mining for synergistic NP based on pathway
coharboring. NP gene cluster prediction was computed by antiSMASH for
each genome. NP gene cluster inventories are built wherein unique IDs are
assigned to groups of highly similar gene clusters. A matrix of genome–NP
gene cluster inventory enables the identification of coharbored clusters and
their ranking based on conservation of pathway coharboring. NP discovery
efforts can then be focused on genomes harboring high-ranking pathway
sets.
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obtained from 1 cm2 of the confluent, 9-day-old TAA4 agar
plate culture were used as an inoculum for the shake flask fer-
mentation. Cultures were incubated on an orbital shaker in
100-ml flasks containing 15ml of RAP-1Pmedium (Table S4) at
28 °C and 260 rpm (2.5-cm throw) for 7 days. At this time, the
cultures were sampled for analysis of secondarymetabolites. At
least three independently isolated strainswere used for the phe-
notype characterization of genetic modifications in all cases.
The sampling was performed by weighing 3 g of the culture
broth diluted with 6 ml of acetonitrile:water (2:1) mixture. The
samples were immediately centrifuged for 10min at 15,000 g
at 4 °C. The cleared supernatantswere decanted into a fresh vial
and stored at75 °C until analysis.
Genome sequencing, in silico analysis, and design
Genomic DNA was extracted from early stationary phase
cultures of S. rapamycinicus ATCC 29253 using the method of
Nikodinovic et al. (66). Genome sequencing was performed on
thePacBio Sequel platformwith sequencing library preparation
performed using the SMRTbell Template Prep kit and
SequelTM Binding kit 2.0. Sequence reads were de novo assem-
bled using HGAP2 software (Pacific Biosciences, Menlo Park,
CA). Gene calling was performed using Prodigal software (67),
and natural products pathways were annotated using antiS-
MASH 3.0 (16). Analysis of the biosynthetic genes was per-
formed using BLAST algorithms (68) and Clustal Omega (69).
Genetic design of constructs and single guide RNAs was per-
formed using Geneious software (Biomatters Ltd., Auckland,
New Zealand). MUSCLE (70) was also used for multiple
sequence alignment. Phylogenetic trees were built using Fast-
Tree 2 (71) incorporated in the Geneious software. The newly
sequenced genome of S. rapamycinicus ATCC 29253 has been
deposited under GenBank accession number QYCY00000000.
Molecularmethods
CRISPR genome editing was carried out with an in house–
developed, single plasmid–based approach using pREP_P1_
WTcas9 (Fig. S14). The plasmid backbone is derived from the
unstable replicon, originating from pJTU412 (72), and in addition
contains transfer functions (traJ and oriT) and an apramycin resis-
tance marker (aac(3)-IV) from pSET152 (73). Streptococcus pyo-
genes cas9 (GenBank accession number NC_002737.2, locus tag
SPy_1046) was codon-optimized for expression in Streptomyces
and put under control of the ermE* promoter, which was fused to
a theophylline riboswitch (74). Single guide RNA (17) was
expressed froma genewith a synthetic P21 promoter (75), and the
native S. pyogenes trans-activating CRISPR RNA terminator (76).
GuideRNAsweredesigned for target homingusing the integrated
function of Geneious R8 (Geneious 8.1.9, Biomatters) by cross-
checking for off-target potential within the genome of S. rapa-
mycinicus as well as the genome of the transient host, Escherichia
coli ET12567. The editing template was delivered on the same
plasmid and typically included 500–1000-bp-long homology
flanks to support double-strand break repair by homologous
recombination. Both the editing template and the single guide
RNA gene were synthesized by Genewiz (South Plainfield, NJ).
Theplasmidwasdelivered to thehostbyconjugal transfer (53) and
selected forwith 60mg/liter apramycin. Exoconjugants were then
subplated to agar plates containing theophylline (4mM) to induce
expression of Cas9. After incubation, colonies were transferred
onto plates without antibiotic pressure and tested for the loss of
apramycin resistance.Details for constructionof gene inactivation
CRISPR constructs are available in Table S5. Details on PCR con-
firmationof genotypes are listed inFig. S15 andTable S6.Comple-
mentation experiments were performed by standardmethods
using the integrative pSET152 plasmid (73) with genes of
interest under the control of the strong permE*. Comple-
mentation vectors were assembled by taking fragments from
the following genomic positions according to the deposited S. ra-
pamycinicus genome, GenBank accession number CP006567.1:
aplDE, 3155 bp (878447–881601); apl3, 1891 bp (9921254–
9923144); and aplF, 930 bp (10010246–10011175).
Purification and structure elucidation of the actinoplanic acids
After 7 days of fermentation, the pHof the brothwas lowered
to 2.5 using hydrochloric acid. 200 g/liter Na2SO4 was added to
facilitate extraction of fermentation products with ethyl ace-
tate. Whole-broth extraction with 2 volumes of ethyl acetate
was repeated four times. Ethyl acetate phases were pooled,
dried over MgSO4, and filtered. Evaporation of the solvents
yielded a crude product in the form of yellow-brown oil. For
purposes of structure confirmation, compounds were further
purified using preparative reverse-phase (C18) HPLC. This
purification yielded 23.8 mg of actinoplanic acid A (1) and 8.2
mg of actinoplanic acid C (2). From a 100-liter fermenter, addi-
tionally 43.2 mg of 3 could be isolated. The structures of 1, 2,
and 3 were determined using 1D and 2D NMR spectroscopy
and comparison of the NMR data with the published data of
actinoplanic acid A (2). NMR spectra were recorded on a
Bruker Avance 600-MHz instrument with samples dissolved in
d6-DMSO. Alkaline hydrolysis of 9 and 10 was performed by
dissolving the extract of the aplD deletion strain in DMSO. 100
l of 5 M NaOH was added to 600 l of the DMSO solution to
give a pH between 13.5 and 14. The mixture was incubated for
3 h at room temperature and then neutralized with HCl. For
hydrolysis of 1, 2, 3, 4, 5, 6, 11, and 12, the fermentation broth
of appropriate strains was extracted with 2 volumes of metha-
nol. 200l of Ca(OH)2 suspension (300 g/liter inmethanol) was
added to 600l of clarified supernatant. Themixture was incu-
bated for 3 h at 50 °C and then clarified by centrifugation.
UPLC-MS and HRMS analytics
Routine analysis of compounds in S. rapamycinicus cultures
was performed by UPLC-MS. Clarified sample supernatant (5
l) was injected onto an Agilent Poroshel 120 EC-C18 column
(150  2.1 mm; 2.7 m) with a flow rate of 0.9 ml/min and
column temperature of 60 °C.Mobile phaseA (pH4.8) contain-
ing 10 mM ammonium formate, 0.1% formic acid, and 2% ace-
tonitrile (v/v) and mobile phase B containing 80% acetonitrile
and15% methanol (v/v) were used in the gradient profile. The
method was initiated at 50% mobile phase B for the first 5 min
and then progressed linearly to 73% in the next 45 min with
re-equilibration to starting conditions for 3 min. MS detection
was performed with an LCQ ion trap mass spectrometer
(Thermo Fisher) equipped with an ESI source after a 1:1 split of
the flow. Positive ionization (source voltage, 5 kV; capillary
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temperature, 250 °C; sheath gas, 35 arbitrary units; auxiliary
gas, 5 arbitrary units) and full-scan monitoring withm/z range
300–1000 allowed detection of the compounds, primarily as
proton [M  H] and ammonium adducts [M  NH4]. UV
diode array multiwavelength detection was performed in par-
allel. HRMS was performed on a Q-Exactive quadrupole/or-
bitrap accurate mass spectrometer (Thermo Fisher) using the
same chromatographic and ionization conditions described
above. The instrument was calibrated with PierceTM LTQ
Velos ESI Positive Ion Calibration Solution (Thermo Fisher)
prior to themeasurements. The rapamycin peak was used as an
internal standard to check the accuracy of the instrument and
was within0.3 ppm in all cases.
Antifungal assays
A. fumigatus ATCC MYA-3627, C. albicans ATCC 24433,
and R. oryzae ATCC MYA-4621 were used in the antifungal
assays. Conidia of A. fumigatus and R. oryzae (both harvested
from a 5-day-old potato dextrose agar plate) were used as inoc-
ulum for the assays. In the case of C. albicans, a liquid culture
with5 106 cells/ml was used. Fungal cells (1 105) were
embedded into 1 ml of Difco potato dextrose agar (PDA; BD
Biosciences) together with a DMSO solution of rapamycin
and/or actinoplanic acid A. After solidifying, 2 l of DMSO
solution of the remaining compound was spotted on top of the
agar. The plates were incubated at 35 °C for 24 h. Liquid culture
experiments with R. oryzae were performed in chamber slides
filled with 0.1 ml of Difco PDB (BD Biosciences) supplemented
with the appropriate concentration of rapamycin and/or acti-
noplanic acid solution. The chambers were inoculated with
1  104 R. oryzae conidia and incubated for 16 h at 35 °C.
Microphotographs were produced with an Olympus IX81
inverted microscope using a phase-contrast light source and a
20 objective lens.
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61 cgattttttc ggtatatcca tcctttttcg cacgatatac aggattttgc caaagggttc  
121 gtgtagactt tccttggtgt atccaacggc gtcagccggg caggataggt gaagtaggcc  
181 cacccgcgag cgggtgttcc ttcttcactg tcccttattc gcacctggcg gtgctcaacg  
241 ggaatcctgc tctgcgaggc tggccggcta ccgccggcgt aacagatgag ggcaagcgga  
301 tggctgatga aaccaagcca accaggaagg gcagcccacc tatcaaggtg tactgccttc  
361 cagacgaacg aagagcgatt gaggaaaagg cggcggcggc cggcatgagc ctgtcggcct  
421 acctgctggc cgtcggccag ggctacaaaa tcacgggcgt cgtggactat gagcacgtcc  
481 gcgagctggc ccgcatcaat ggcgacctgg gccgcctggg cggcctgctg aaactctggc  
541 tcaccgacga cccgcgcacg gcgcggttcg gtgatgccac gatcctcgcc ctgctggcga  
601 agatcgaaga gaagcaggac gagcttggca aggtcatgat gggcgtggtc cgcccgaggg  
661 cagagccatg acttttttag ccgctaaaac ggccgggggg tgcgcgtgat tgccaagcac  
721 gtccccatgc gctccatcaa gaagagcgac ttcgcgaagc tggtgaagta catcaccgac  
781 gagcaaggca agaccgatcc ccggggacct gcaggtcgac tctagctagc tggccagggc  
841 ccgatacgtc gcggtgagtt caggcttttt catatctcat tgcccccgga cgagcgtctg  
901 ctccgccatt cgccgtccgc cgtgccaatc ggatcagccg tccaaatgcg ggattttcgt  
961 tagtcggagg ccaaacggca ttgagcgtca gcatatcatc agcgagctga agaaagacaa  
     1021 tccccgatcc gctccacgtg ttgccccagc aatcagcgcg accttgcccc tccaacgtca  
     1081 tctcgttctc cgctcatgag ctcagccaat cgactggcga gcggcatcgc attcttcgca  
     1141 tcccgcctct ggcggatgca ggaagatcaa cggatctcgg cccagttgac ccagggctgt  
     1201 cgccacaatg tcgcgggagc ggatcaaccg agcaaaggca tgaccgactg gaccttcctt  
     1261 ctgaaggctc ttctccttga gccacctgtc cgccaaggca aagcgctcac agcagtggtc  
     1321 attctcgaga taatcgacgc gtaccaactt gccatcctga agaatggtgc agtgtctcgg  
     1381 caccccatag ggaacctttg ccatcaactc ggcaagatgc agcgtcgtgt tggcatcgtg  
     1441 tcccacgccg aggagaagta cctgcccatc gagttcatgg acacgggcga ccgggcttgc  
     1501 aggcgagtga ggtggcaggg gcaatggatc agagatgatc tgctctgcct gtggccccgc  
     1561 tgccgcaaag gcaaatggat gggcgctgcg ctttacattt ggcaggcgcc agaatgtgtc  
     1621 agagacaact ccaaggtccg gtgtaacggg cgacgtggca ggatcgaacg gctcgtcgtc  
     1681 cagacctgac cacgagggca tgacgagcgt ccctcccgga cccagcgcag cacgcagggc  
     1741 ctcgatcagt ccaagtggcc catcttcgag gggccggacg ctacggaagg agctgtggac  
     1801 cagcagcaca ccgccggggg taaccccaag gttgagaagc tgaccgatga gctcggcttt  
     1861 tcgccattcg tattgcacga cattgcactc caccgctgat gacatcagtc gatcatagca  
     1921 cgatcaccgg cgctgttgca aatagtcggt ggtgataaac ttatcatccc cttttgctga  
     1981 tggagctgca catgaaccaa aaggatctag gtgaagatcc tttttgataa tctcatgacc  
     2041 aaaatccctt aacgtgagtt ttcgttccac tgagcgtcag accccgtaga aaagatcaaa  
     2101 ggatcttctt gagatccttt ttttctgcgc gtaatctgct gcttgcaaac aaaaaaacca  
     2161 ccgctaccag cggtggtttg tttgccggat caagagctac caactctttt tccgaaggta  
     2221 actggcttca gcagagcgca gataccaaat actgttcttc tagtgtagcc gtagttaggc  
     2281 caccacttca agaactctgt agcaccgcct acatacctcg ctctgctaat cctgttacca  
     2341 gtggctgctg ccagtggcga taagtcgtgt cttaccgggt tggactcaag acgatagtta  
     2401 ccggataagg cgcagcggtc gggctgaacg gggggttcgt gcacacagcc cagcttggag  
     2461 cgaacgacct acaccgaact gagataccta cagcgtgagc tatgagaaag cgccacgctt  
     2521 cccgaaggga gaaaggcgga caggtatccg gtaagcggca gggtcggaac aggagagcgc  
     2581 acgagggagc ttccaggggg aaacgcctgg tatctttata gtcctgtcgg gtttcgccac  
     2641 ctctgacttg agcgtcgatt tttgtgatgc tcgtcagggg ggcggagcct atggaaaaac  
     2701 gccagcaacg cggccttttt acggttcctg gccttttgct ggccttttgc tcacatgttc  
     2761 tttcctgcgt tatcccctga ttctgtggat aaccgtatta ccgcctttga gtgagctgat  
     2821 accgctcgcc gcagccgaac gaccgagcgc agcgagtcag tgagcgagga agcggaagag  
     2881 cgcccaatac gcaaaccgcc tctccccgcg cgttggccga ttcattaatg cagctggcac  
     2941 gacaggtttc ccgactggaa agcgggcagt gagcgcaacg caattaatgt gagttagctc  
     3001 actcattagg caccccaggc tttacacttt atgcttccgg ctcgtatgtt gtgtggaatt  
     3061 gtgagcggat aacaatttca cacaggaaac agctatgacc atgattacgg ttgtgggctg  
     3121 gacaatcgtg ccggttggta ggatacagcg aatacgactc actataggtt ccggtgatac  
     3181 cagcatcgtc ttgatgccct tggcagcacc ctgctaagga ggcaacaata tggacaagaa  
     3241 gtactcgatc ggcctggaca tcggcaccaa ctcggtgggc tgggccgtga tcaccgacga  
     3301 gtacaaggtg ccgtcgaaga agttcaaggt gctgggcaac accgaccgcc actcgatcaa  
     3361 gaagaacctg atcggcgccc tgctgttcga ctcgggcgag accgccgagg ccacccgcct  
     3421 gaagcgcacc gcccgccgcc gctacacccg ccgcaagaac cgcatctgct acctgcagga  
     3481 gatcttctcg aacgagatgg ccaaggtgga cgactcgttc ttccaccgcc tggaggagtc  
     3541 gttcctggtg gaggaggaca agaagcacga gcgccacccg atcttcggca acatcgtgga  
     3601 cgaggtggcc taccacgaga agtacccgac catctaccac ctgcgcaaga agctggtgga  
     3661 ctcgaccgac aaggccgacc tgcgcctgat ctacctggcc ctggcccaca tgatcaagtt  
     3721 ccgcggccac ttcctgatcg agggcgacct gaacccggac aactccgacg tggacaagct  
     3781 gttcatccag ctggtgcaga cctacaacca gctgttcgag gagaacccga tcaacgcctc  
     3841 gggcgtggac gccaaggcca tcctgtcggc ccgcctgtcg aagtcgcgcc gcctggagaa  




     3961 gtcgctgggc ctgaccccga acttcaagtc gaacttcgac ctggccgagg acgccaagct  
     4021 gcagctgtcg aaggacacct acgacgacga cctggacaac ctgctggccc agatcggcga  
     4081 ccagtacgcc gacctgttcc tggccgccaa gaacctgtcg gacgccatcc tgctgtcgga  
     4141 catcctgcgc gtgaacaccg agatcaccaa ggccccgctg tcggcctcga tgatcaagcg  
     4201 ctacgacgag caccaccagg acctgaccct gctgaaggcc ctggtgcgcc agcagctgcc  
     4261 ggagaagtac aaggagatct tcttcgacca gtcgaagaac ggctacgccg gctacatcga  
     4321 cggcggcgcc tcgcaggagg agttctacaa gttcatcaag ccgatcctgg agaagatgga  
     4381 cggcaccgag gagctgctgg tgaagctgaa ccgcgaggac ctgctgcgca agcagcgcac  
     4441 cttcgacaac ggctcgatcc cgcaccagat ccacctgggc gagctgcacg ccatcctgcg  
     4501 ccgccaggag gacttctacc cgttcctgaa ggacaaccgc gagaagatcg agaagatcct  
     4561 gaccttccgc atcccgtact acgtgggccc gctggcccgc ggcaactcgc gcttcgcctg  
     4621 gatgacccgc aagtcggagg agaccatcac cccgtggaac ttcgaggagg tggtggacaa  
     4681 gggcgcctcg gcccagtcgt tcatcgagcg catgaccaac ttcgacaaga acctgccgaa  
     4741 cgagaaggtg ctgccgaagc actcgctgct gtacgagtac ttcaccgtgt acaacgagct  
     4801 gaccaaggtg aagtacgtga ccgagggcat gcgcaagccg gccttcctgt cgggcgagca  
     4861 gaagaaggcc atcgtggacc tgctgttcaa gaccaaccgc aaggtgaccg tgaagcagct  
     4921 gaaggaggac tacttcaaga agatcgagtg cttcgactcg gtggagatct cgggcgtgga  
     4981 ggaccgcttc aacgcctcgc tgggcaccta ccacgacctg ctgaagatca tcaaggacaa  
     5041 ggacttcctg gacaacgagg agaacgagga catcctggag gacatcgtgc tgaccctgac  
     5101 cctgttcgag gaccgcgaga tgatcgagga gcgcctcaag acctacgccc acctgttcga  
     5161 cgacaaggtg atgaagcagc tgaagcgccg ccgctacacc ggctggggcc gcctgtcgcg  
     5221 caagctgatc aacggcatcc gcgacaagca gtcgggcaag accatcctgg acttcctgaa  
     5281 gtcggacggc ttcgccaacc gcaacttcat gcagctgatc cacgacgact cgctgacctt  
     5341 caaggaggac atccagaagg cccaggtgtc gggccagggc gactcgctgc acgagcacat  
     5401 cgccaacctg gccggctcgc cggccatcaa gaagggcatc ctgcagaccg tgaaggtggt  
     5461 ggacgagctg gtgaaggtga tgggccgcca caagccggag aacatcgtga tcgagatggc  
     5521 ccgcgagaac cagaccaccc agaagggcca gaagaactcg cgcgagcgca tgaagcgcat  
     5581 cgaggagggc atcaaggagc tgggctcgca gatcctgaag gagcacccgg tggagaacac  
     5641 ccagctgcag aacgagaagc tgtacctgta ctacctgcag aacggccgcg acatgtacgt  
     5701 ggaccaggag ctggacatca accgcctgtc ggactacgac gtggaccaca tcgtgccgca  
     5761 gtcgttcctg aaggacgact cgatcgacaa caaggtgctg acccgctcgg acaagaaccg  
     5821 cggcaagtcg gacaacgtgc cgtcggagga ggtggtgaag aagatgaaga actactggcg  
     5881 ccagctgctg aacgccaagc tgatcaccca gcgcaagttc gacaacctga ccaaggccga  
     5941 gcgcggcggc ctgtcggagc tggacaaggc cggcttcatc aagcgccagc tggtggagac  
     6001 ccgccagatc accaagcacg tggcccagat cctggactcg cgcatgaaca ccaagtacga  
     6061 cgagaacgac aagctgatcc gcgaggtgaa ggtgatcacc ctgaagtcga agctggtgtc  
     6121 ggacttccgc aaggacttcc agttctacaa ggtgcgcgag atcaacaact accaccacgc  
     6181 ccacgacgcc tacctgaacg ccgtggtggg caccgccctg atcaagaagt acccgaagct  
     6241 ggagtcggag ttcgtgtacg gcgactacaa ggtgtacgac gtgcgcaaga tgatcgccaa  
     6301 gtcggagcag gagatcggca aggccaccgc caagtacttc ttctactcga acatcatgaa  
     6361 cttcttcaag accgagatca ccctggccaa cggcgagatc cgcaagcgcc cgctgatcga  
     6421 gaccaacggc gagaccggcg agatcgtgtg ggacaagggc cgcgacttcg ccaccgtgcg  
     6481 caaggtgctg tcgatgccgc aggtgaacat cgtgaagaag accgaggtgc agaccggcgg  
     6541 cttctcgaag gagtcgatcc tgccgaagcg caactcggac aagctgatcg cccgcaagaa  
     6601 ggactgggac ccgaagaagt acggcggctt cgactcgccg accgtggcct actcggtgct  
     6661 ggtggtggcc aaggtggaga agggcaagtc gaagaagctg aagtcggtga aggagctgct  
     6721 gggcatcacc atcatggagc gctcgtcgtt cgagaagaac ccgatcgact tcctggaggc  
     6781 caagggctac aaggaggtga agaaggacct gatcatcaag ctgccgaagt actcgctgtt  
     6841 cgagctggag aacggccgca agcgcatgct ggcctcggcc ggcgagctgc agaagggcaa  
     6901 cgagctggcc ctgccgtcga agtacgtgaa cttcctgtac ctggcctcgc actacgagaa  
     6961 gctgaagggc tcgccggagg acaacgagca gaagcagctg ttcgtggagc agcacaagca  
     7021 ctacctggac gagatcatcg agcagatctc ggagttctcg aagcgcgtga tcctggccga  
     7081 cgccaacctg gacaaggtgc tgtcggccta caacaagcac cgcgacaagc cgatccgcga  
     7141 gcaggccgag aacatcatcc acctgttcac cctgaccaac ctgggcgccc cggccgcctt  
     7201 caagtacttc gacaccacca tcgaccgcaa gcgctacacc tcgaccaagg aggtgctgga  
     7261 cgccaccctg atccaccagt cgatcaccgg cctgtacgag acccgcatcg acctgtcgca  
     7321 gctgggcggc gactagtaat tgttcagaac gctcggtctt gcacaccggg cgttttttct  
     7381 ttgtgagtcc atctagactc gagtgtgcgg gctctaacac gtcctagtat ggtaggatga  
     7441 gcaaaagctg agacggacag tcgtctcagt tttagagcta gaaatagcaa gttaaaataa  
     7501 ggctagtccg ttatcaactt gaaaaagtgg caccgagtcg gtgctttttt ggatccgcgc  
     7561 gcaagcttac tagtttcgaa ccgcacgatc agcgtcccgc cgaccaggag cagtgcggcc  
     7621 agcactgccg ctaacgcctg gtcctggtcc cggtcctggt ggtgcatcag tcctccccgt  
     7681 gatcacttcg gcacccaccg tagtgatcac ccccgacagc ggatcaaggg gtttgcgggt  
     7741 cccggtcggc gccgggcggg ggaggcagga gccgccgacg ctgcctctgg gacgggccgg  




     7861 gcggaaccgt gctctgacgt gcggcccgag tttcgtcacg tgacggaatg gaaggctgct  
     7921 gcatttcgtc acgtgacgta tctcggcgag cgactgccga cgccacggcg gacacgatcg  
     7981 cctcgcgctg gcgccgggcc tcgtacgccc gctggcggca ggagcggcgg cagtagtccc  
     8041 ggctccggcc gacgccggat tgcttgatct ccgagccgca ccaggcgcag agcttcgcgc  
     8101 cgtcggcgtc cctgggggtg gtggtgctca tggccgacga ccgtacgcgg cacgtcacgt  
     8161 agcgaggcga gtcgggcgcg agggaccgcc tgcacgaagt gccggcgggg ccgaccccgg  
     8221 gcgagtaatc ccaggattac tcccgcggct tcgaccccgg ccgccgtcgc cgcgtacgtc  
     8281 accgaccccc gccgtacgtc accgggatga cgtacggcgg gggggagcga gttagtgcga  
     8341 agtgggccca cttgcgagcc gggcgatgtg ccgggcggcc cgctcctggc ggtcgtcggc  
     8401 gtcgtcgtcc tggtcgtcgt cctgctctcg ccgtcggcgt gcagttgctt cctcgcggcg  
     8461 ctgggcgagg gcggcgagca tgtcggcgta cgcctcggcc acctcccccg ccgtgagcac  
     8521 caccactgtg tcggccgcgt cggccagcgc caggacctcc cgcacccgtt cgcccacggc  
     8581 cgccgaatcc tcgttgccgt ccttgccttc ggcggcccgg gtcgcctcga ggtcgagggc  
     8641 gcggcgggtg accgcgtgcc atccgtcctc ggtcacggcg accccggccc gcagctcccc  
     8701 gccgtcggcg tcggccgcca ggagcagatc gaggtcgtcg gcctcggtgt cgccgccgtc  
     8761 gagcccgagc atctgccgca ggtagcgggt ccattcgatg gcccggcgtc cccgggttgc  
     8821 ccgctcgtac tcgtgccagc gcgagaggtt ccactccagc gagccgaccc cggcggcgtc  
     8881 gtcctcggtc atgccgccgg tcaggtcccc gatccgtccg aggagctcga acggggcgac  
     8941 gttcccgccg gtcgccgtct tgaggtcggc gcgggcgagt tcgagggcgg gcgccttccc  
     9001 gtcctgggtc ttggcgatgt actcggcgag gtcgttggcg tcgcgctcgg tctccagccg  
     9061 cttgaagtcg acgccgtgcc ggtcgtcggg cgtgaaggcg gggttgacct tgcgcagggc  
     9121 ggcggtccac acggaccgcc agtgcccctg ccactcgtcg agcgcggcgc cggtcggctc  
     9181 gaaggtggcg acgatctgct tcgcggaccg ctccccctcg gtccggccgc cgaccaggac  
     9241 gatcgcgtgg atgtgcgggt gccagccgtt gatctgcccc acggtgactt cggtcgcgcg  
     9301 gatcatgccg acgtacccga tccggtctcg gatgccctcg cggtcggcgg cccggtgccc  
     9361 gtccttggcc cggcgtccgg cccacgtgcc gcccgtgatc agtcgctggt aggcgcccgg  
     9421 ccgccggggg ctgtccggcg tcttgcgggt gccctggagg gcgtccatga ggtccgcgag  
     9481 ccggtccgtg tgcccatggc gggccgtgaa ggtgaccagg taggcggtcc ccccgcgctt  
     9541 gatccactcg accacggcgg cggtgatctc ctcggcccgc ttgtgccgga tcgtggcggc  
     9601 gcagaccggg cagagccaga tccgcccgca ccgcatcagg cccaggacca cggacgttcc  
     9661 ggccgccgtc tgggcgacga tcacgccgga ggcagggtcc atcagggcgc ggccgcagcc  
     9721 cttgcacgcg gcgtccccgc tgatccgcca cagcgtccgg cggcggctgt accgggcggc  
     9781 tttccgcagt cgggcagcgt cgctccgcga cgtgcttcct acttccgaga ggctgtcgcc  
     9841 tctcgggctc tccccatcca ccccgtccgg agaaaccgca ggtcggaggg gtgcgggaaa  
     9901 ctctgttgtt tctttcccaa ggtgttcgct tttgcctcgg gcggcatctc gcgtcacacg  
     9961 cgcgatcgcc cgcttcgctg ccatccggca gcggtctgag cagtagatac gcggccgttt  
    10021 gcccggtgtg tgggcaattg cggtcccgca gtggcagcgg ggcccggcgg gccgatctgg  
    10081 caatgcctcg gcatcgctcc gtactctggg cacgagcaac gttcctgtct cgcccggcta  
    10141 aggggcgcga gtctgggagc ggacgggtcg gaggtgcgaa gtccggcccg ttgctctttg  
    10201 gtctggtggg aatcctggca ccaatcgggc cagaggttcc ctccgccact cccgacgccc  
    10261 cttggggctg gtgtgacttg gagggccgaa gagagccccg ccggtgatcc ggcggggctt  
    10321 tgacgtgcgg tcagtgcgtg tgtcggcgag cgatggccac gaggccctgg aagccgagcg  
    10381 gtccggcgaa gtcggcccag tcgcaaccgg gctcagcgca gtgggcggac cagccaccgc  
    10441 cgttgtgggt cctggaccag gttcacggtc ccctcggtca ggcgtccgtc gaagtcggtc  
    10501 atggtcggtc tcctggtggg tgggggcggg gcgccagcac gaagtgccgg cgccccgcgg  
    10561 gggttggtcg ggtcaggcgc cgaaccggcg ggcggcggcg gcgaccaggc cgtcggcggc  
    10621 ggccatggcg cggtcgcggt cggtggtgag ggcggtgcgg tcggcggcgg cccgcaggtc  
    10681 gtaggccgct tgggcggcgg cggtcgctgc gggggcgagg gcgggggcga gcaccgacac  
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